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Abstract - English 
 The active partition of low copy number plasmids and most bacterial chromosomes relies 
on the assembly of a nucleoprotein superstructure nucleated at centromere-like sites near the 
origin of replication.  In the case of type I partition systems, the most widespread on plasmids and 
the only ones present on chromosomes, centromere binding proteins, ParB, display the capability 
to propagate along DNA from their nucleation point at the centromere-like site, parS. This 
structure, termed the partition complex, contains over 90% of the available ParB in the cell and 
interacts with ParA, a ParB- and DNA-dependent ATPase, to segregate and position replicons 
within the cell. Two concurrent models exist to explain the assembly mechanism of the partition 
complex: the spreading and bridging (Graham et al., 2014), and the nucleation and caging 
(Sanchez et al., 2015) models. We used the partition system of the archetypal plasmid F and the 
naturally occurring partition system of Vibrio cholerae’s chromosome 1. First, we explored the 
mechanisms of centromere-based incompatibilities to gain insight into partition complex 
assembly in low levels of ParB through parS titration of ParB. Next, we describe an optimized a 
high-resolution ChIP-sequencing protocol from the lab bench to data analysis.  Then, through 
ChIP-sequencing, epifluorescence microscopy and physico-mathematical modeling, we revealed 
that the partition complex assembly mechanism is robust and consistent with the nucleation and 
caging model on both chromosomal and plasmid systems.  
Abstract - Français 
La ségrégation active des molécules d’ADN chez les bactéries compte sur l’assemblage 
d’une structure nucléoprotéique nucléée sur des sites centromerique localisés près de l’origine 
de réplication. Pour les systèmes de partition de type I, les seuls présent sur les chromosomes et 
le plus fréquents sur les plasmides a bas nombre de copie, la protéine qui se lie au centromère, 
ParB, montre la capacité de propagation sur l’ADN à partir de la nucléation au niveau du site 
centromerique pars. Ainsi, le complèxe de partition contient plus que 90% des ParB présent dans 
la cellule et interagit avec ParA, une ATPase dont l’activité dépend de ParB et de l’ADN. Deux 
modèles concurrents qui sont actuellement proposés pour expliquer le mécanisme d’assemblage 
du complèxe de partition : les modèles de ‘spreading and bridging’ (Graham et al., 2014), et le 
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‘nucleation and caging’ (Sanchez et al., 2015) . Nous avons utilisé le système de partition du 
plasmide F et pour déterminer si la mode d’assemblage était aussi conservée sur les 
chromosomes, nous avons étudié le système natif de Vibrio cholerae du chromosome 1. D’abord, 
nous avons exploré les mécanismes d’incompatibilité basé sur les sites centromériques pour 
comprendre l’assemblage des complèxes de partition dans les conditions de titrage ParB par le 
site parS. Ensuite, nous avons décrit un protocole optimisé de ChIP-sequencing à haut-débit, de 
la paillasse jusqu’à l’analyse des données. Puis, en utilisant le ChIP-sequencing, la microscopie à 
épifluorescence et la modélisation physico-mathématique, nous avons révélé que l’assemblage 
du complèxe de partition est robuste et cohérent avec le modèle de ‘nucleation and caging’ à la 
fois sur les chromosomes et les systèmes plasmidiques.  
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Chapter 1: Introduction 
'Tis a lesson you should heed, 
If at first you don't succeed, 
Try, try again… 
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Figure 1: Early concepts of eukaryotic mitosis
Drawings of mitosis in newt cells found in Walter Flemming's book “Cell-substance, Nucleus, and Cell-Division”.
A) During prophase chromosomes from within the nucleus from into chromatin. B) Separating chromosomes
attach to a spindle-shaped centrosome and become positioned halfway between the two poles along the cells
equator during metaphase. C) Then, the two chromatids comprising each chromosome dissociate and move
toward the opposing poles in anaphase. D) The two groups of neighboring chromosomes begin to fuse to form
daughter nuclei, which are then separated by E) cytokinesis (Figure adapted from Rieder and Khodjakov, 2003).
A B C
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1.1-General introduction 
 The survival of all living organisms can be traced to the faithful inheritance of DNA. 
Throughout the evolutionary tree of life, among all phyla, organisms have evolved their own 
dedicated systems to ensure the passage of genetic material to successive generations (Baxter 
and Funnell, 2014; Livny et al., 2007; Walczak et al., 2010). In eukaryotes DNA segregation occurs 
through the process of mitosis, and in prokaryotes and archeae it is referred to as partition (par). 
Each organism has evolved a DNA segregation method to meet its own cellular needs, while 
maintaining the same goal of genomic inheritance. In bacteria, low copy-number DNA molecules 
such as chromosomes and plasmids, which contain essential and advantageous genes, rely on 
partition systems for their survival. DNA segregation remains a highly reliable process among all 
living entities, however, much still remains to be learned about the process in both eukaryotes 
and prokaryotes. This chapter will first focus on the current understanding of bacterial partition 
systems, followed by an overview of the diverse ways that they have evolved to take on other 
essential processes within the cell.  
 
1.1.1-Eukaryotic vs. Prokaryotic segregation  
The basics of eukaryotic DNA segregation have been proposed as early as 1882 (Flemming, 
1882).  Walther Flemming used light microscopy to observe the cell-cycle of stained newt cells 
and documented the different forms thread-like structures within the nucleus took on prior to 
cellular division (Fig. 1 A-E). These thread-like structures that Flemming referred to as chromatin 
were the inspiration for naming the process mitosis, which comes from the Greek word mitos 
meaning thread. However, due to the low resolution of light microscopy of about the size of a 
bacterial cell, solving the mystery of bacterial mitosis was more problematic. The cell cycle plays 
an important role in the success of DNA segregation in both eukaryotes and prokaryotes by 
ensuring that cell division does not take place inappropriately, which could result in the 
guillotining or loss of genetic material.  One of the most prominent differences between 
prokaryotic and eukaryotic DNA segregation is the temporally specific timing of mitosis in the 
eukaryotic cell cycle, which is specifically programmed into four phases: S, G1, M, and G2 (Fig. 2A) 
(Walczak et al., 2010). Chromosomal DNA is replicated once during an 8 hour synthesis (S) phase,  
MG1
G2
M Mitosis to cytokinesis ~1 hr
Cell growth and proteins for mitosis synthesized ~11 hrs
S DNA synthesis and replication ~8 hrs
Gap between mitosis and DNA replication ~4 hrsG1
G2
S
Figure 2: The eukaryotic cell cycle
A) The eukaryotic cell cycle occurs within a 24-hour period divided into four distinct phases. (M) represents 1-hour
of the cell cycle where the full process of mitosis up until cytokinesis occurs. (G1) corresponds to the gap period of
4-hours between the end of cytokinesis and the initiation of replication. (S) the synthesis phase is the 8-hour period
where DNA replication is initiated and DNA synthesis occurs. (G2) is the second gap phase where the cell continues
to grow and synthesize the proteins needed for mitosis.
B) Fluorescence micrographs of mitosis in fixed newt lung cells stained with antibodies to reveal the microtubules
(green), and with a dye to reveal the chromosomes (blue). (i) Prophase, chromosomes in the nucleus condense and
become visible. Spindle formation occurs in the cytoplasm. (ii) Metaphase, sister chromosomes are aligned in the
middle of the spindle. (iii) Anaphase, chromosomes separate creating two genetically identical groups while
moving to the opposite ends of the cell. (iv) Telophase, spindle break down begins as nuclear membranes form
around the two sets of chromosomes. (v) Cytokinesis, the parent cell divides into two daughter cells (Adapted from
Rieder 2003).
i-Prophase ii-Metaphase iii-Anaphase 
iv-Telophase v-Cytokinesis
Mitosis
A B
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followed by a 4 hour gap (G1) phase. Later mitosis occurs during the 1 hour M-phase, which is 
followed by an 11 hour gap (G2) phase (Cooper, 2000). The five-step process of mitosis (prophase, 
prometaphase, metaphase, anaphase, and telophase) can only occur during M-phase, after DNA 
has been replicated. The mechanism of mitosis occurs by the interaction of spindle-like 
microtubules attaching to the centromere of sister chromatids and segregating chromosomes 
simultaneously as the microtubules retract towards the cell membrane (Fig. 2 B) (Kline-Smith and 
Walczak, 2004).  
In prokaryotes, the cell cycle is separated into three periods (B, C, and D), based on the 
required time necessary for DNA replication, cell growth and cell division to occur. In fast growth 
conditions, the replication of chromosomes can occur multiple times throughout the cell-cycle in 
what is known as multi-fork replication, due to the required time of replication being longer than 
division rates (Wang and Levin, 2009). Unlike eukaryotes, prokaryotic DNA segregation takes 
place progressively with replication and can occur at any point in the cell cycle by means of a 
replicon specific active partition system (Bouet et al., 2014). Prokaryotes also utilize a functional 
eukaryotic centromere homolog as the anchor of segregation (Baxter and Funnell, 2014; Bouet et 
al., 2014). In prokaryotes, DNA segregation mechanics are thought to be dictated by a dynamic 
interaction of partition proteins and DNA, and will be discussed in detail later in this chapter.   
 
1.1.2-Discovery of bacterial partition systems 
 Early concepts of the bacterial intracellular environment believed them to have a simpler 
organization than that of higher organisms. The first insight into the form of the bacterial 
chromosome came from early electron microscopy images of Bacillus subtilis (B. subtilis), that 
revealed what appeared to be nuclear bodies attached to the bacterial cell membrane (Fig. 3 A) 
(Ryter and Landman, 1964). While electron microscopy is a very powerful tool for the visualization 
of samples with high levels of magnification, due to the sample preparation process results can 
be highly artefactual, which unbeknown at the time was most-likely the case for the images of 
the B. subtilis chromosome. Regardless, these images helped lead to the historical hypothesis of 
the “replicon theory,” suggesting that bacterial DNA segregation occurred through the tethering 
of genomes, chromosomes or plasmids, to the cell’s membrane resulting in the segregation of  
Figure 3: Early concepts of bacterial DNA segregation
A) Electron microscopy of Bacillus subtilis with a proposed link between the nucleus and the cell’s membrane
(arrow) (Extracted from Ryter and Landman 1964).
B) “The replicon model.” A schematic representation of DNA segregation in bacteria. i) Two independent genomic
units are represented, the chromosome and the plasmid F. Both replicons are tethered to the cell membrane at
distinct sites. ii) DNA replication occurs linearly, resulting in two copies of each replicon attached to the membrane
side by side. iii-iv) Cell growth begins between the regions the two copies of replicons, resulting in their separation.
v) The septum forms in the median region, followed by cytokinesis, resulting in genetically identical daughter cells
(Extracted from Jacob 1963).
iiiiii
iv v
A
B
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replicons concomitantly and passively with cell growth (Fig. 3B) (Jacob et al., 1963). The replicon 
theory, while based on the then current knowledge, was far from understanding the degree of 
complexity and organization of the bacterial chromosome.  
Two decades later, the identification of DNA segregation systems on the plasmid F and 
plasmid prophage P1, gave new insight into how bacterial DNA was faithfully inherited (Austin 
and Abeles, 1983; Ogura and Hiraga, 1983). The DNA segregation process for bacteria was termed 
partition, and both plasmids were found to possess a minimalistic three-component partition 
system composed of three elements; an ATPase (ParA), a DNA-binding protein (ParB), and a cis-
acting centromere-like sequence (parS). The discovery of a homologous partition system on the 
chromosome of Bacillus subtilis (B. subtilis), revealed that even large masses of DNA could be 
partitioned using the same apparatus as plasmids (Ireton et al., 1994; Lin and Grossman, 1998). 
However, how these systems accomplished DNA segregation continued to be associated with the 
mechanism of membrane tethering of the replicon theory. Images of live cells using GFP 
fluorescent repressor operator systems (FROS) microscopy revealed that the intracellular 
localizations of the plasmids F and P1, were positioned at mid-cell in newborn and quarter 
positions in elongating cells (Gordon et al., 1997). Similar results were observed in fixed cells using 
Fluorescence in situ hybridization (FISH) microscopy of the plasmid F (Niki and Hiraga, 1997). Both 
studies gave evidence to support that replicon inheritance involves an active positioning 
mechanism, with segregation occurring non-concomitantly with cell elongation. These 
observations excluded the hypothesis that DNA segregation occurs through a passive 
concomitant mechanism linked to cell growth by a membrane tether.  
 Continued investigations revealed the widespread presence of active partition systems on 
most bacterial chromosomes and plasmids (Baxter and Funnell, 2014; Bouet et al., 2014; Gerdes 
et al., 2000). The simplistic view of bacterial intracellular processes quickly became replaced with 
mounting evidence of the sophisticated mechanisms employed by bacteria to ensure their 
survival. Among the most essential to survival, partition systems were found to possess both a 
striking degree of conservation and diversity of its components throughout bacteria. The 
subsequent section will describe the different types partition systems found to exist among 
bacterial chromosomes and plasmids. 
Table 1: Partition system types
Types of partition systems with examples of the archetypal genomes to which they are best characterized. For
simplicity, ParABS is used to generically refer to, ParA, as the systems ATPase, ParB, as the systems centromere-
binding protein, and parS, as the systems centromere. For system specific nomenclature refer to the section
designated for each partition system type. ParB DNA binding motifs are referred to as helix-turn-helix (HTH) or
ribbon-helix-helix (RHH).
Type Archetypal genomes
ATPase
type
DNA-binding motif 
(ParB)
Operon-
regulator
Subclass
I 
F, P1
Walker A 
box
HTH ParA Ia-plasmid
B. subtilis, C. crescentus, T. thermophilus, etc HTH Unknown Ia-chromosome
pB171, TP228, pTAR RHH ParB Ib-plasmid
II R1, pSK41 Actin RHH ParB plasmid
III pXO1, pBtoxis Tubulin HTH ParB plasmid
IV pSK1, R388 No ATPase N/A* N/A plasmid
*not availabile
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1.2-Bacterial partition systems 
Due to the low-copy nature of chromosomes and certain plasmids, relying on a random 
distribution of replicons is not an efficient strategy for genome inheritance. Low-copy number 
replicons therefore depend on their active partition systems to perform the necessary positioning 
reaction that ensures each daughter cell receives at least one copy of each replicon. Three main 
types of active partition systems have been found throughout bacteria and, with the exception of 
a putative type IV, have conserved the same basic three element organization of; an NTPase, a 
DNA binding protein, and a centromere-like region (Baxter and Funnell, 2014; Salje, 2010).  The 
ensuing sections will describe the types II-IV partition systems, followed by an in-depth look at 
type I, the most widespread system found on both bacterial chromosomes and plasmids (Table 
1).  
 
1.2.1-Type II (Actin) 
 The type II system is best characterized by the partition locus present on the multiple 
resistance factor plasmid R1 of Escherichia coli (E. coli) (Fig. 4 A; Gerdes et al., 2000; Salje, 2010). 
The partition locus contains two trans-acting proteins, ParM and ParR, as well as a cis-acting 
centromere-like sequence, parC. The NTPase associated with the system, ParM, is an actin-like 
ATPase that forms unstable filaments in the presence of ATP (Jensen et al., 1994; Møller-Jensen 
et al., 2003). The DNA-binding protein ParR binds DNA through its ribbon helix-helix (RHH) motif 
via a specific interaction with the centromere-like sequence parC (Schumacher et al., 2007a). As 
in all partition system types, the parC centromere composition varies among organisms 
containing a type II system. In the case of plasmid R1, parC is composed of two sets of five directly 
repeated 11-bp specific binding sites of ParR, separated by a 39-bp core region containing the 
operon promoter (Fig. 4 A)(Breüner et al., 1996). The parC of pSK41 contains a series of eight 10-
bp tandem repeats that serve as ParR specific binding sites (Schumacher et al., 2007a). The ParR-
parC complex of plasmid pSK41 was visualized through a co-crystal structure between ParR and 
parC, which was found to form an open solenoid with parC functioning as the backbone, and ParR 
bound as a dimer via its RHH motif facing the center cavity (Fig. 4 B)(Schumacher et al., 2007a).  
 
Figure 4: The type II partition complex
A) Organization of the R1 plasmid partition cassette. The parM and parR genes are shown as rectangles and the
location of the par promoter is shown as a bent arrow. The centromere-like parC site is represented as a blue
rectangle and is located upstream of the parM and parR genes. The parC site is enlarged to reveal the locations of
the ten 11-bp direct repeats with the number of each repeat shown below. The 39-bp core region containing the
promoter region is indicated (Extracted from Moller-Jensen et al., 2003).
B) Type II ParR-parC partition complex structure. A ribbon diagram of the ParRpSK41–parC partition complex
visualized as looking down the super-helix axis. ParRpSK41 dimer-of-dimers are represented as white, cyan, yellow,
magenta, green and blue (Extracted from Schumacher 2007).
A
B
parM parR
parC
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The mechanism of type II partition is the best understood of all types. Partition occurs by 
insertional polymerization through the stabilization of ParM filament ends by the ParR-parC 
complex (Fig. 5 A). The ParM filaments undergo cycles of assembly and disassembly resulting in 
bidirectional growth pushing the attached plasmids towards the cell poles, a process termed 
“dynamic instability” (Fig. 5 B)(Garner et al., 2004, 2007; Møller-Jensen et al., 2003). ParR is also 
a multi-function protein within the partition system, as it is assigned the dual role of centromere 
binding protein and as the operon’s transcriptional repressor (Jensen et al., 1994). In addition, 
the hok/sok anti-toxin system of the plasmid R1 is encoded within the parR gene (Gerdes et al., 
1986), which is involved in post-segregation killing of plasmid free cells. This multi-tasking of the 
R1 partition system appears to be a common occurrence among partition systems that have 
evolved to take on multiple roles, and will be discussed later in this chapter.  
 
1.2.2-Type III (Tubulin) 
The plasmids pXO1 and pBtoxis from Bacillus anthracis (B. anthracis) and Bacillus 
thuriengensis (B. thuriengensis), respectively, are best known for the more recently discovered 
type III active partition locus. Type III systems are characterized by a tubulin/FtsZ-like GTPase, 
TubZ, a DNA-binding protein, TubR, and a centromere-like sequence tubC (Fig. 6 A; Margolin, 
2007). The tubC centromere-like site is composed of two clusters of 12-bp high-affinity binding 
sites for TubR (Aylett and Löwe, 2012). The first cluster is organized as three direct repeats with 
a 54-bp linker region separating it from the second cluster of four direct repeats (Fig. 6 A; Aylett 
and Löwe, 2012). This partition type was originally uncovered when investigating an FtsZ-like 
protein, RepX, whose name was later changed to TubZ when it was found to be necessary for 
plasmid maintenance (Chen and Erickson, 2008; Tang et al., 2006; Tinsley and Khan, 2006). The 
tubulin/FtsZ-like GTPase, TubZ, forms double helical filaments in the presence of GTP (Aylett et 
al., 2010; Chen and Erickson, 2008), that grow in a unidirectional “treadmilling” manner towards 
a cell pole with filament assembly occurring on one end (plus) and disassembly occurring at the 
other end (minus) (Fig. 6 B; Larsen et al., 2007). These TubZ filaments interact with the TubR-tubC 
partition complex, which effectively links the plasmid to filament polymerization (Aylett and 
Löwe, 2012; Ni et al., 2010; Tang et al., 2006, 2007). Once the TubZ filament reaches a cell pole,  
Figure 5: Type II model of partition
A) Two opposing ParM filaments, represented as a yellow surface rendering, are captured between two partition
complexes on sibling plasmids. The partition complex DNA is colored brown, the ParR dimers are magenta, green,
blue and yellow. (Extracted from Schumacher 2007).
B) Intracellular localization of plasmid DNA (red) and ParM protein (green) visualized by combined phase-contrast
and immunofluorescence microscopy. Images of E. coli cells harboring R1 plasmids are divided into cells that
contain i) one plasmid focus, ii) two nonpolar foci, and iii) two polar foci (Extracted from Moller-Jensen 2003).
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it releases its interaction with the partition complex and filament polymerization continues 
following the curvature of the cell continuing to grow in the opposite direction. The exact 
mechanism of how the unidirectional treadmilling of TubZ filaments functions to segregate two 
or more plasmids, is still currently unclear.  
The DNA binding activity of TubR within tubC via its HTH binding motif, results in TubR 
highly cooperative filament formation in a lateral dependent manner, reminiscent of the type II 
ParM-parC partition complex (Aylett and Löwe, 2012; Ni et al., 2010). The structure of the TubR-
tubC partition complex was resolved for both pBtoxis of B. thuringiensis and B. megaterium. In B. 
thuringiensis TubR filaments wrapped helically around the exterior of the DNA. However, B. 
megaterium revealed a structure resembling the type II solenoid  partition complex with TubR-
tubC forming a ring-like conformation with DNA as the backbone and TubR in the interior (Fig. 6 
C)(Aylett and Löwe, 2012). The discrepancy between the two crystal structure conformations may 
suggest a flexible TubR-tubC partition complex that adopts a ring-like conformation around TubZ 
filaments. Like the type II DNA binding protein, TubR also appears to serve a double purpose as 
centromere binding protein and transcriptional regulator of the tubRZ operon, as the absence of 
TubR results in a deregulation of TubZ expression (Larsen et al., 2007). Interestingly, partition 
complexes of both type II and type III show a significant degree of similarity in regards to 
centromere organization and the formation of a stable partition complex.  
 
1.2.3-Putative type IV (No ATPase) 
 In addition to the three archetypal partition system types, two plasmids from the IncW 
incompatibility group, pSK1 of Staphylococcus aureus (Firth et al., 2000; Simpson et al., 2003) and 
the broad-host range plasmid R388 (Guynet and de la Cruz, 2011), have revealed a putative and  
more divergent type IV partition method that does not require an ATPase. The elements 
responsible for the maintenance of plasmid pSK1 differs from the archetypal three-component 
partition system, in that only one protein encoding gene, par, has been found to be necessary. 
The mechanism of how pSK1 partition is accomplished is not understood, and contrary to other 
partition types, does not require an ATPase. However, a 204-bp region upstream of par may  
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Figure 6: Type III model of partition
A) The type III TubRZC partition cassette. The tubR and tubZ genes are shown as red and blue arrows, respectively.
The centromere-like tubC site is located upstream of the tubR and tubZ genes. The tubC centromere-like site is
composed of two clusters of 12-bp high-affinity TubR binding sites (black arrows) separated by a 54-bp linker
region. The first cluster (C1) contains three direct repeats and the second cluster (C2) contains four direct repeats.
B) “Treadmilling” model of TubZ filament assembly and type III partition. TubZ filament assembly occurs at the
plus (+) end and disassembly occurs at the opposite minus (-) end. The partition complex interacts with TubZ
filaments linking the ATPase filament polymerization to plasmid partition. Once the the cell pole is reached,
partition complexes detach and the TubZ filament continues to polymerize, following the curvature of the cell.
C) TubR-tubC partition complex co-crystal structure. Structure of Bacillus megaterium TubR as a Cα ribbon
representation with the N terminus (blue), and C terminus (red) shown bound to a stick representation of DNA
(Extracted from Aylett 2012).
BA
C
C1 C2
 33 
contain a centromere-like region, indicating a possible mechanism involving specific DNA 
interactions.  
Plasmid R388 on the other hand, shows an interesting combined partition-conjugation 
system, composed of a three-element gene cluster, stbABC. Of the three elements, the DNA-
binding protein StbA, is the only one found to be essential for plasmid maintenance, but does not 
show homology to other classified partition proteins. How StbA partition is accomplished is 
unclear, however, StbA binds specifically to a centromere-like site, stbDRs, composed of two sets 
of five direct repeats of 9-bp spaced by two nucleotides (Guynet et al., 2011). The other two 
elements, StbB, which contains a deviant Walker-A motif was found to be essential for 
conjugation when StbA is present, and StbC, an orphan protein with no significant homologues 
and no known function (Guynet et al., 2011). The presence of a Walker-A ATPase suggests that 
the StbABC systems may have evolved from the type I partition system class. The mechanism of 
how pSK1 and R388 exploit their putative single-protein partition system is not understood. This 
may suggest an innate alternative mechanism to partition in the absence of a motor protein.  
 
1.2.4-Type I (Walker-A) 
 The type I partition system is the most prominent among bacterial chromosomes and 
plasmids. This system maintains a three-element composition characterized by a deviant Walker 
A cytoskeletal ATPase, ParA, a DNA-binding protein, ParB, and a centromere-like sequence, parS. 
The element that shows the highest level of diversity among the type I system is the DNA-binding 
protein, which falls into two categories based on its DNA-binding motif; helix-turn-helix (HTH; 
type Ia), and ribbon-helix-helix (RHH; type Ib) (Gerdes et al., 2000). 
The type Ia subclass is found widespread throughout bacteria, and is the only partition 
type on both chromosomal and extrachromosomal elements (plasmids and phages). The type Ia 
subclass has been best characterized on the extrachromosomal elements plasmid F, plasmid 
prophage P1, and plasmid RK2 (Gordon et al., 1997; Ho et al., 2002; Niki and Hiraga, 1997; 
Pogliano et al., 2001), and on the chromosomes of B. subtilis, Thermus thermophilus (T. 
thermophilus), and Caulobacter crescentus(C. crescentus) (Ireton et al., 1994; Leonard et al., 2004; 
Mohl and Gober, 1997). In general, extrachromosomal and chromosomal type Ia systems differ  
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in the size of their partition proteins and their method of operon regulation. Extrachromosomal 
partition proteins are usually larger than their chromosomal counterparts, notably with ParA 
containing an extra HTH DNA-binding domain in its N-terminal. This additional HTH motif allows 
the ParA of extrachromosomal elements to play a dual role as both a partition protein and 
transcription regulator of the parAB operon (Mori et al., 1989). The method of regulation for 
chromosomal par operons is unclear. The less common Ib subclass is found solely on 
extrachromosomal elements and best studied from plasmids TP228, pB171 and pTAR.  In general, 
the type Ib partition proteins are smaller than type Ia. Interestingly, the ParB of the type Ib 
subclass contains an RHH DNA-binding motif like the DNA-binding protein ParR of the type II 
partition system (Baxter and Funnell, 2014).  
While the type I subclasses exploit a similar Walker-A ATPase, they show characteristic 
differences based on operon organization, centromere organization, protein size, and method of 
autoregulation (Schumacher, 2008). This manuscript will focus on the type Ia partition systems, 
which are the most widespread throughout bacteria. Partition system components will be 
referred to by their generic term ParABS with the genome of origin in subscript, in order to 
simplify nomenclature. 
 
1.2.4.1-ParA (Deviant Walker A cytosqueletal ATPase) 
 The type I partition system ATPase, ParA, belongs to the most common type of partition 
NTPases and is characterized by a deviant Walker-A ATP binding motif (Gerdes et al., 2000). In 
contrast to the actin and tubulin ATPases of type II and III partition systems, how the actions of 
ParA function in the mechanism of partition remains elusive. However, a breadth of experimental 
validations are available that give insight into various aspects of ParA interactions.  
Regardless of its classification as an ATPase, ParA displays weak ATP hydrolysis activity 
when in the presence of ATP (Davis et al., 1992; Watanabe et al., 1992). ParA ATP hydrolysis 
activity is moderately increased by ~3- and ~2-fold, with the addition of ParB or non-specific DNA 
(nsDNA), respectively. When a combination of components (ParA, ParB, nsDNA, ATP), the ATPase 
activity of ParA is significantly increased ~30 to 40-fold (Ah-Seng et al., 2009). Interestingly, when 
the ParB-parS partition complex components are present, ParA ATPase activity is at its highest  
Figure 7: Type Ia ParA microscopy
A) Time-lapse microscopy of ParAF-GFP (green) expressed from a plasmid vector by induction with IPTG. ParA
patches display directional oscillatory behavior. Cell membranes were stained with FM 4-64 (red). Time in minutes
is shown in white text in the top right corner of each panel. (Extracted from Lim et al., 2005).
B) Cells carrying a mini-P1 plasmid expressing ParAP1-GFP (green). ParAP1-GFP displays no directional oscillations,
but does exhibit a dynamic behavior as visualized using time lapse microscopy at 4 minute intervals. In most cells,
ParAP1-GFP only showed a slight variation of distribution. (Extracted from Sengupta et al., 2010).
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stimulation of ~120-fold (Ah-Seng et al., 2009). The increased stimulation of ParA ATP hydrolysis 
when in the presence of ParB was found to be linked to its interaction with an arginine finger-like 
motif located within the N-terminal of the ParB protein (Ah-Seng et al., 2009). Thus, it is proposed 
that the strong stimulation of ParA ATPase activity in the presence of the partition complex, may 
be linked to the nucleation of ParB molecules by parS, resulting in a dense local concentration of 
ParB available for ParA interactions. The essential interaction between ParA and ParB is believed 
to be the driving force of partition, essential to replicon separation and positioning (Bouet and 
Funnell, 1999; Ebersbach and Gerdes, 2004; Havey et al., 2012). 
In the cell, ParA exists in a monomer-dimer equilibrium that is controlled by adenine 
nucleotide (Davey and Funnell, 1994). Once ParA binds a molecule of ATP and prior to hydrolyzing 
it, ParA undergoes a multi-step conformational change that results in the dimerization of ParA 
monomers (Dunham et al., 2009). Following the hydrolysis of ATP to ADP, ParA unbinds DNA 
entering into a refractory stage where it is unable to interact with ParB or DNA (Bouet and Funnell, 
1999). It is in this ParA-ADP refractory period that the type Ia extrachromosomal ParA, functions 
as a transcriptional repressor through a specific interaction with the operon promoter (Davey and 
Funnell, 1994; Dunham et al., 2009; Mori et al., 1989).  
In addition to binding DNA specifically, ParA is capable of binding nsDNA in an ATP-
dependent way (Bouet et al., 2007a; Hester and Lutkenhaus, 2007; Leonard et al., 2005), an 
activity that was found to be essential to successful partition (Castaing et al., 2008). The vast 
majority of nsDNA in the cell is in the form of the nucleoid, and epifluorescence microscopy shows 
that ParA colocalizes with the nucleoid while displaying a dynamic and coordinated oscillatory 
behavior (Fig. 7 A)(Ebersbach and Gerdes, 2001; Fogel and Waldor, 2006; Hatano et al., 2007; 
Havey et al., 2012; Hester and Lutkenhaus, 2007; Leonard et al., 2005; Lim et al., 2005). 
Interestingly, not all ParA’s show coordinated oscillation, and the role of its oscillation in partition 
is not understood. For example, the type Ia-ParA of plasmid P1 displays dynamic patches 
throughout the nucleoid, with no sign of coordinated oscillatory behavior (Fig. 7 B)(Sengupta et 
al., 2010). Also, the type Ia-ParA of Vibrio cholerae (V. cholerae) chromosome I and C. crescentus, 
perform a singular migration accumulating at a cell pole to function as anchors that maintain the 
positioning of partition complex (Ptacin et al., 2014; Yamaichi et al., 2012). It is suggested that the  
AFigure 8: Proposed models of type Ia ParA mediated segregation
A) Schematic representation of proposed models for active bacterial DNA segregation. Filament models (top
panel); partition complexes are segregated by ParA filaments polymerizing as either a superhelical (top left) or uni-
dimensional manner (top right). The Brownian-ratchet models (bottom panel); partition complexes are segregated
by either a ParA diffusion-ratchet (bottom left) or with the propulsion provided by the elastic properties of the
chromosome combined with a ParA diffusion-ratchet (bottom right). (Extracted from Le Gall et al., 2016)
B) The Hitch-hiking model for bacterial chromosome segregation. DNA-bound ParA (cyan) are assembled in patches
within the nucleoid interior at highly-dense DNA regions (red circles). Partition complexes (green circles) stimulate
ATPase activity and the DNA dissociation of ParA (blue), creating a ParA depletion zone. Partition complexes
migrate towards the closest HDR with bound ParA. The ParA-ADP form diffuses throughout the nucleoid until it is
competent to rebind ATP for nsDNA binding.
(Extracted from Le Gall et al., 2016)
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conformational refractory period that ParA undergoes following ATP hydrolysis may play a role in 
its oscillatory behavior, as ParA is suggested to randomly diffuse throughout the cell after 
detaching from DNA (Bouet and Funnell, 1999; Vecchiarelli et al., 2010). The evidence of ParA’s 
essential interaction with nsDNA to partition may indicate that ParA utilizes the nucleoid as an 
intracellular matrix for positioning partition complexes within the cell, however, the mechanism 
as to how this is accomplished remains speculative.   
Several models have been proposed to explain how ParAs dynamic interactions result in 
partition.  The “filament” model, which is based on fluorescence microscopy and in vitro 
experiments, suggests that replicons are attached to dynamic ParA filaments by the ParB-parS 
complex, which pulls the partition complexes to their proper pre-cell division locations (Fig. 8 A; 
top)(Ebersbach and Gerdes, 2004; Ptacin et al., 2010). However, in vitro experiments containing 
nsDNA as well as ParB, resembling in vivo conditions, revealed that ParA did not form filaments 
(Bouet et al., 2007a; Vecchiarelli et al., 2010, 2013). In addition, recent data with super-resolution 
microscopy in vivo also dismiss filament-based models (Le Gall et al., 2016; Lim et al., 2014). The 
non-filament “brownian ratchet” model, which is based mainly on in vitro DNA carpet and 
fluorescence microscopy experiments, also contradicts the hypothesis that ParA forms filaments 
(Fig. 8A; bottom-left)(Hu et al., 2017; Vecchiarelli et al., 2010, 2013). The model suggests that the 
interaction of the partition complex with DNA-bound ParA stimulates ATP hydrolysis and its 
dissociation from DNA. Due to the refractory period following ATP hydrolysis, ParA is unable to 
interact with ParB or DNA. ParA then dissipates throughout the cell until it has regained the 
capability to interact with its partners, resulting in a depletion of DNA-bound ParA in the vicinity 
of partition complexes. Partition complex are then left to search for and interact with other bound 
ParAs beyond the depletion zone, resulting in a directional movement of the partition complex. 
The third hypothesis, the “DNA-relay” model, is a derivative of Brownian ratchet that suggests 
ParA-ATP dimers exploit the intrinsic elasticity of the chromosome itself (Fig. 8A; bottom-right). 
This elastic energy is transferred from the chromosome and used as a translocation force ParA is 
released from DNA upon its interaction with the partition complex stimulating ATP hydrolysis (Lim 
et al., 2014). The last and most recent “hitch-hiking” model, is also a derivative of the brownian 
ratchet (Fig. 8B)(Le Gall et al., 2016). Through the use of 3-D super resolution microscopy, the  
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partition complex and ParA patches were found to coincide with high-density regions (HDR) of 
DNA within the nucleoid. This is in striking contrast to all other models proposing that the 
partition complexes and ParA translocate on the surface of the nucleoid (reviewed in Vecchiarelli 
et al., 2012). The “hitch-hiking” model suggests that ParA is recruited to HDRs within the nucleoid 
and in turn recruits the ParB-parS partition complexes. In a Brownian ratchet manner, ParB 
interaction with DNA-bound ParA creates a ParA depleted zone, and migrates towards the closest 
ParA-HDR region.  
Recent studies and the proposed “hitch-hiking” model suggest an increasing role of ParA 
as not only the driving force of replicon separation, but also as the intra-nucleoid positioning 
element of partition complexes. In vivo super-resolution microscopy techniques used in Le Gall et 
al., allow for a direct look into the intracellular positioning of partition complexes on an 
unprecedented 3-D level. The intracellular compartment of a bacterial cell is a highly complex and 
dense environment, composed of systems adapted to navigate such intricacies. The ATPase 
element of the type Ia partition systems has been shown to require the presence of DNA as a 
resource for ATP-binding and hydrolysis. In order for the ATPase to be at its maximum 
performance capabilities, it would require an abundant amount of DNA. HDR’s of bacterial 
chromosomes represent such an environment conducive to ATPase functionality. This will be 
discussed in greater detail in section 1.2.4.3c. 
 
1.2.4.2-parS (centromere-like sequence) 
The centromere-like site of the partition system, parS, is a functional homolog to 
eukaryotic centromeres and provides the foundation for partition complex assembly. Of the three 
partition elements, parS has remained the most conserved and is present as the same sequence 
on all bacterial chromosomes containing a partition system (Livny et al., 2007).  Plasmid 
centromere sequences, however, are more divergent, which could have evolved from 
incompatibilities with host genomes containing a chromosomal centromere as well as numerous 
other extrachromosomal elements (Bouet et al., 2005; Diaz et al., 2015). This phenomenon of 
incompatibility occurs when plasmids or chromosomes residing within the same bacteria share 
similar or identical centromere sequences and are unable to stably coexist (see chapter 2) (Bouet  
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Figure 9: Type Ia extrachromosomal and chromosomal partition system organization
A) The type Ia plasmid F partition cassette. i) Operon promoter (black arrow) is located upstream of parA (yellow
arrow) and parB (blue arrow). The centromere-like site parS (black rectangle) is located downstream of the operon.
ii) The parS site is composed of twelve 43-bp tandem repeats (black arrows), that contain a ten 16-bp inverted
repeat consensus site (green rectangle) that serve as a ParB specific binding site.
B) The type Ia Vibrio cholerae chromosome-1 partition operon. The operon promoter (black arrow) is located 14-bp
upstream from parA (blue arrow) and parB (blue arrow), which are located 65-kb from the three centromere-like
parS sites. The three 16-bp parS sites are spread over 7-kb of DNA, and differ in sequence by one basepair (red). ori
is located 62-kb upstream from the parS sites (not shown).
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et al., 2005). Thus, mobile extrachromosomal elements would be under strong selective pressure 
to possess a divergent parS sequence from those present on stable chromosomal elements.  
The basic unit of parS is composed of repeat sequences that serve as  specific binding sites 
for a single ParB dimer (Helsberg and Eichenlaub, 1986; Livny et al., 2007; Martin et al., 1987). 
Generally, parS sites are organized as tandem repeats, small direct repeats, or are present over a 
wide range of distances. In extrachromosomal type Ia systems, parS is characteristically present 
downstream of the parAB operon. In contrast, chromosomal systems show no direct 
organizational relationship to the locations of parS sites or the systems operon. However, even 
when parS sites are not contained in a single genomic locus, most functional parS sites are found 
within a 15% range of the genomes origin of replication in relation to the entire genome (Livny et 
al., 2007). The type Ia F plasmid centromere of E. coli is found about 3.8-kb downstream of the 
origin of replication (0.4% from ori), and is composed of twelve 43-bp tandem repeats that 
contain ten 16-bp ParB binding sites (Fig. 9 Ai-ii)(Helsberg and Eichenlaub, 1986; Mori et al., 1986; 
Pillet et al., 2011). The type Ia parS of chromosome I of V. cholerae is approximately 62-kb 
downstream of the replication origin (2% distance from ori), and is composed of three 16-bp parS 
sites spread approximately equidistant over 7-kb (Fig. 9 B)(Yamaichi et al., 2007).The placement 
of parS near the origin of replication appears to be essential for partition, as displacement of parS 
in Pseudomonas aeruginosa (P. aeruginosa) outside of a “competence zone” resulted in atypical 
segregation and anucleate cells (Lagage et al., 2016). The importance of parS proximity to the 
origin of replication in extrachromosomal systems has yet to be investigated.  
The quantity of parS sites widely differs among genomes with no clear purpose as to the 
origin of this diversity.  Notably, no link has been made that correlates genome size to the quantity 
of parS sites. For example the 100-kb plasmid F contains 10 functional parS sites, while  the 7-Mb 
chromosome of Pseudomonas fluorescens (P. fluorescens) contains only two (Livny et al., 2007). 
The necessity of having multiple parS sites is also a curious occurrence, as in multiple cases on 
both chromosomal and plasmid systems, only a single parS site is necessary for functional 
partition (Biek and Shi, 1994; Lagage et al., 2016; Yamaichi and Niki, 2000). 
 
  
Figure 10: Type Ia ParB structure
A) General representation of type Ia ParB structure. The regions of the protein that have been resolved through
crystal structure are represented as black rectangles. The N-terminal domain contains the conserved box II amino
acid patch (red) and the region that interacts with ParA in many but not all ParBs, is indicated as a wavy line. The
helix turn helix (HTH) DNA binding domain, contains the HTH DNA binding motif (blue). The C-terminal domain is
responsible for the dimerization interaction of ParB monomers. The three domains are connected by flexible linker
sequences (arrows)(Extracted from Funnell 2016).
B) Schematic representation of ParBF. The amino acid numbering of ParBF presented to scale (top). The secondary
structure of ParBF (middle). The arrows and helices represent β-sheet and α-helices, respectively, as determined by
crystal structure analysis in blue or predicted in green. The functional domains and motifs of ParBF (bottom) are
represented as thick cylinders (from amino acids 155–272 and 275–323) for the regions of ParBF structure that
have been resolved. Thin cylinders (from amino acids 1–155 and 272–275) indicate regions that have no structural
information. (Extracted from Sanchez et al., 2013)
C) Amino acid alignment of chromosomal ParBs from a wide range of bacterial species, using the main
chromosome in the cases of multi-chromosomal bacteria. The HTH motif (CBM1) and the secondary centromere
binding motif (CBM2) are highlighted in yellow and orange, respectively. The red plus sign indicates the location of
the conserved R or K positively charged residues (Extracted from Sanchez et al., 2013).
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Interestingly, some parS sites show a higher degree of divergence from the conserved 
chromosomal consensus site. For example, the parS sequence of plasmid P1 shows two sets of 
ParB binding motifs, box A and box B, separated by an integration host factor (IHF) binding site 
that facilitates ParB binding (Bouet et al., 2000; Funnell and Gagnier, 1993). Regardless of the 
variety among parS sequences, organization, or location on the genome, the centromere-like site 
maintains a conserved function among all type I systems. The parS site functions as the essential 
nucleation point for formation of the ParB-parS partition complex, which will be discussed in 
greater detail in section 1.2.4.3c.  
 
1.2.4.3-ParB (DNA-binding protein) 
 
1.2.4.3a-Protein structure and function 
 Bioinformatic analysis of ParB amino acid residues reveal two groups of ParB proteins; a 
conserved chromosomal group and a more divergent extrachromosomal group (Yamaichi and 
Niki, 2000). A full ParB structure has yet to be resolved due to the proteins flexible nature, notably 
within the N-terminal. However, multiple studies have resolved the separate domains of the ParB 
structure for both type Ia chromosomal and extrachromosomal systems. The general ParB 
structure is composed of three main domains linked by flexible linkers; a C-terminal domain, a 
central helix-turn-helix (HTH) domain, and an N-terminal domain (Fig. 10 A). The HTH and C-
terminal domain of ParB have been resolved in a co-crystal structure containing parS DNA for the 
extrachromosomal type Ia ParBF, P1, RP4 (Delbrück et al., 2002; Khare et al., 2004; Schumacher and 
Funnell, 2005; Schumacher et al., 2007b, 2010). The N-terminal of chromosomal type Ia was also 
resolved via a C-terminal truncated ParB for type Ia ParBT. thermophilus, H. pylori  (Chen et al., 2015; 
Leonard et al., 2004).  
ParB exists as a functional homo-dimer (Bouet et al., 2000; Funnell, 1991; Hanai et al., 
1996; Leonard et al., 2004), and the primary motif responsible for ParB dimerization is found 
within the C-terminal domain (Schumacher et al., 2010). Connected to the C-terminal by a flexible 
linker is the DNA binding domain, which contains the HTH DNA binding motif conserved among 
type Ia ParB’s (Schumacher et al., 2010), that functions as the nsDNA binding interface crucial to  
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partition complex formation. The spreading of ParB in the formation of the partition complex is 
dependent on the low affinity interaction of ParB with nsDNA, ~300 nM for the plasmid F (Ah-
Seng et al., 2009), and ~250 nM for B. subtilis (Taylor et al., 2015).  The low affinity nsDNA 
interactions are nucleated by the strong and specific affinity ParB has with the centromere-like 
site parS; 2.5 nM for the plasmid F (Ah-Seng et al., 2009), and 100 nM for B. subtilis (Taylor et al., 
2015). The majority of the arginine residues involved in ParB centromere-specificity binding are 
located within the HTH motif (Schumacher et al., 2010). In the case of the plasmid F, an additional 
arginine, Arg219, located outside of the HTH element was found to be a secondary binding motif 
essential to centromere specific binding (Fig. 10 B; Sanchez et al., 2013). A similar conserved 
centromere-binding motif was also found on a number of chromosomal ParB’s (Fig. 10 C), such 
as Pseudomonas putida (P. putida) and Burkholderia cenocepacia (B. cenocepacia) (Sanchez et al., 
2013), as well as for ParB of plasmid RP4 (Khare et al., 2004). Together, the HTH DNA binding 
motif and the ensemble of arginine residues define the ParB DNA binding domain.  
The N-terminal domain has only been resolved for two type Ia chromosomal ParB’s (T. 
thermophilus and Helicobacter pylori) due to the N-terminal’s particularly flexible nature. The 
sequence and size of N-terminal domains are highly variable, however, functional studies have 
generally implicated the N-terminal domain with ParA interaction and ATPase stimulation (See 
section 1.2.4.1, 1.2.4.3b; Ah-Seng et al., 2009; Davis et al., 1992; Radnedge et al., 1998; Ravin et 
al., 2003; Surtees and Funnell, 1999), as well as ParB multimerization (Graham et al., 2014; 
Surtees and Funnell, 1999; Yamaichi and Niki, 2000).  Sequence analysis of the type Ia 
chromosomal and extrachromosomal ParB N-terminal domain revealed conserved sequences 
ParB boxes (box I and box II; Yamaichi and Niki, 2000). The box II sequence contains a highly 
conserved arginine patch that has been functionally linked to ParB multimerization. Mutation of 
this conserved arginine patch resulted in the loss of ParB foci and partition complex formation, 
two ParB activities that are believed to be directly dependent on multimerization (See section 
4.2.2.3)(Graham et al., 2014).    
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1.2.4.3b-Interactions with ParA 
 Classically, ParB is described as a centromere binding protein. However, ParB interacts 
with more than just specific centromere sequences. Particularly, within its function as a partition 
protein, ParB is part of an essential interaction that stimulates the ATPase activity of ParA (Ah-
Seng et al., 2009; Davis et al., 1992; Easter and Gober, 2002; Radnedge et al., 1998; Ravin et al., 
2003; Surtees and Funnell, 1999). Stimulation occurs via an arginine finger-like motif located in 
the N-terminal of ParB that interacts with the active site of ParA to facilitate ATP hydrolysis (Ah-
Seng et al., 2009). This arginine finger motif appears to be conserved among extrachromosomal 
type Ia and Ib ParBs, as the type Ib ParB of plasmid TP228 also stimulates its cognate ATPase in 
the same manner (Barillà et al., 2007). However, the mechanism of ATPase stimulation via ParB 
has yet to be uncovered for the chromosomal type Ia counterpart. In the case of the plasmid F, in 
vitro tests showed that the highest ATPase activity for ParA was observed in the presence of 
nsDNA as well as ParB bound to parS (130-fold), simulating in vivo conditions with competitor 
DNA as well as the partition complex (Ah-Seng et al., 2009). In the cell, this would result in ParA 
ATP hydrolysis at its peak performance in the proximity of the partition complex. This interaction 
was shown through fluorescence microscopy to be strongly implicated in the initial separation of 
replicons (Ah-Seng et al., 2013). We have found that in the case of the plasmid F, ParAF is not 
necessary for partition complex formation on a stable DNA molecule (See section 4.3.7.2), and 
the exact mechanism as to how ParA ATP hydrolysis partitions plasmids bi-directionally is not 
understood. For explanations of the current ParA partition mediated models, refer section 1.2.4.1 
of this chapter.  
 
1.2.4.3c-The partition complex 
The nucleation of ParB dimers through its specific interaction with parS results in a large 
nucleoprotein structure that functions as the substrate for partition. This ParB-parS structure, 
termed the partition complex, enables the force of partition to be targeted at its particular 
genomic location while also remaining replicon specific. ParB binding specificity to its cognate 
centromere is guaranteed by the previously described centromere binding interface and the 
nucleotide sequence of parS itself (See section 1.2.4.3a) (Pillet et al., 2011). As a result of this  
AB
Figure 11: The ParB 1-D filament model
A) Formaldehyde cross-linked cells containing the plasmid prophage P1 were subjected to immunoprecipation with
anti-ParBP1 antibodies. Immunoprecipitated DNA was PCR amplified to identify the specific locations to which ParB
was bound on the plasmid P1. The genomic map of known and putative genes (arrows) are shown in relation to the
ParBP1 binding locations (solid rectangles)(Extracted from Rodionov et al., 1999).
B) Schematic representation of the ParB filament hypothesis. The partition complex is nucleated by the strong and
specific interaction of ParB at parS. ParB dimers not bound specifically to parS form filaments through nearest-
neighbor interactions with DNA-bound ParB covering centromere-flanking DNA. Filament polymerization can be
effectively blocked by a protein-DNA “roadblock” (purple hexagon), which inhibit ParB nearest neighbor
interactions.
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highly specific interaction, ParB binding enrichment is only found within the genomic context of 
the partition complex. Even in the presence of parS-like sites that differ from the consensus 
sequence by one or two basepairs, ParB does not show specific binding behavior or partition 
complex formation at these locations (Pillet et al., 2011; Yamaichi et al., 2007). In a recent study, 
ChIP-seq uncovered ParB binding enrichment at eight non-parS sites in P. aeruginosa (see section 
1.3.1a)(Lagage et al., 2016). For the moment, this is the first evidence of ParB enrichment outside 
of the partition complex. However, partition systems shows a great degree of adaptability within 
their host organism (see section 1.3), and the accessory ParB binding sites of ParB in P. aeruginosa 
may be another example.  
The specificity between ParB and parS led to early concepts that the partition complex 
nucleoprotein structure was confined to the binding sites of ParB at parS (Hayakawa et al., 1985). 
Nevertheless, ParB DNA binding capabilities are not restricted to parS, and shows binding affinity 
for nsDNA at a lower degree than for its specific binding sites (See section 1.2.4.3a).  Studies that 
revealed that ParB-mediated gene silencing as far as 10-kb from the parS site contradicted earlier 
ideas, and suggested a wider reach of the partition complex (Lynch and Wang, 1995; Rodionov et 
al., 1999). Experiments using formaldehyde crosslinking followed by immunoprecipitation 
revealed that ParB from chromosomal and extrachromosomal systems, directly associated with 
DNA several kilobases from the centromere (Murray et al., 2006; Rodionov et al., 1999). These 
interactions of ParB with nsDNA emanating from the parS site that came to be referred to as 
“spreading. The observation that ParB was no longer found to interact with DNA past the genomic 
location of a  nucleoprotein roadblock led to the hypothesis that ParB spread along the DNA as a 
1-D linear filament nucleated at parS (Fig. 11 A & B)(Rodionov et al., 1999). In the case of the 
plasmid P1, average ParB levels (7000 dimers/cell) are present in a quantity compatible with the 
formation of a linear filament capable of covering the proposed distances ParB was found to 
interact (Funnell and Gagnier, 1994). However, in other systems, the estimated amount of 
intracellular ParB is far lower; ~800 dimers per cell for the plasmid F (Bouet et al., 2005), ~440 
dimers per cell in B. subtilis (Graham et al., 2014; Murray et al., 2006), ~360 dimers per cell in C. 
cresentus (Lim et al., 2014). In these bacteria with lower ParB intracellular levels, the DNA 
coverage proposed by a ParB filament would not be possible. For example, the ~800 dimers of  
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Figure 12: ParB of B. subtilis compacts DNA in vitro
A) ParBB. s compacts flow-stretched DNA. Consecutive images revealing that 100 nM of ParBB. s compacts SYTOX
Orange-stained λ DNA. The intercalating dye is displaced upon protein binding, followed by the full compaction of
DNA into a tight cluster at the point of attachment, indicated by the small black arrow on the left.
B) ParBB. s mutants deficient in DNA compaction do not show spreading. ChIP-seq of wild-type (top) and mutant
(bottom) ParBB. s displaying a region of the B. subtilis chromosome from 4140–4215 kb surrounding four parS sites
(asterisks). Data was plotted as fold enrichment (y-axis) versus genomic coordinates (x-axis). Wild-type ParBB.s is
found to spread several kilobases over centromere-flanking DNA, whereas mutant ParBB.s R79A binding is
restricted to the parS sites.
(Extracted from Graham et al., 2014)
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ParBF per cell, with a plasmid F copy number of about 2.3 copies per chromosome, would only 
allow ~350 dimers per parSF sequence, that each occupies 16-bp of DNA and would only cover a 
total of ~5.5-kb of centromere flanking DNA (Bouet et al., 2005; Sanchez et al., 2015). In addition, 
no further evidence of filaments or stable ParB binding past parS could be found through gel shift 
assays (Sanchez et al., 2015), in vitro (Bouet and Lane, 2009; Murray et al., 2006) and in vivo DNase 
footprinting (Sanchez et al., 2015), nor electron microscopy (Hanai et al., 1996).  
Regardless of the evidence contradicting the filament hypothesis, the interactions of ParB 
with DNA non-proximal to parS remained a prominent question. The arrival of single-molecule 
techniques, high-throughput genome sequencing, as well as physico-mathematical modeling, 
gave rise to exciting new insight into the architecture of the partition complex.  Two additional 
models were recently proposed to explain the phenomenon of ParB spreading (Broedersz et al., 
2014; Graham et al., 2014; Sanchez et al., 2015). 
The first of which was biologically based on flow cell single-molecule imaging set up to 
probe ParB-DNA interactions with and without parS (Fig. 12 A; Graham et al., 2014). These 
experiments showed that purified ParB proteins from both chromosomal and extrachromosomal 
systems displayed a DNA-bridging and compacting activity. Mutations in the N-terminal box II 
arginine patch suggested to be involved in ParB multimerization resulted in a ParB phenotype 
deficient in the proposed DNA compaction activity, loss of foci via epifluorescence microscopy, 
and loss of ParB binding to centromere-flanking DNA via ChIP-seq (Fig. 12 B)(Graham et al., 2014). 
Crystal structure of a C-terminal truncated ParB of H. pylori with parS revealed that the N-terminal 
box II arginine patch may provide the axis for multimerization and formation of dimer bridges 
(Chen et al., 2015). Evidence that the N-terminal domain of ParB contains a proposed 
multimerization interface supports the idea that ParB could create a 3-D nucleoprotein structure 
through ParB dimer-dimer interaction that bridge and compact DNA (See section 1.2.4.3a; 
Leonard et al., 2004; Schumacher et al., 2010). In addition, observations of a spreading deficient 
mutant that actively compaction DNA (G77S), suggested that DNA compaction and bridging 
behaviors are required but not sufficient for ParB spreading to centromere-flanking nsDNA 
(Graham et al., 2014). These combined data suggested that ParB spreading required both lateral 
1-D interactions with ParB dimers as well as 3-D bridging and compacting interactions. 
Figure 13: The spreading and bridging model
A) ParB Monte-Carlo simulated binding profiles. Probability of a bound protein versus genomic position with a
central parS site (Extracted from Broedersz et al., 2014).
B) In the spreading and bridging model a ParB dimer is able to have two spreading bonds by interacting with
nearest neighbors to its left and right creating a 1-D filament, and one 3-D bridging bond.
A
B
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In combination with the experimental evidence, mathematical modeling suggested that 
in order for ParB to interact with DNA as far as 10-kb from parS, a combination of 1-D filament 
formation and 3-D bridging interactions must occur (Broedersz et al., 2014). The Monte-carlo 
method of in silico simulations, allows biophysicists to apply the characteristics of biological 
systems to mathematically explore the possibilities of what could be occurring within the cell 
(Binder, 1991).  In the case of the formation of the partition complex, the parameters of the 
simulation stipulated that DNA is a linear, self-avoiding chain on a cubic lattice in 3-D.  A 
biologically characterized value for persistence length as well as the quantity of ParB binding sites, 
were entered as the DNA polymers necessary degrees of freedom. Values were then added to 
define the different affinities of ParB to DNA as well as other ParB dimers. In order for the 
simulation to result in a biologically similar behavior that ParB has been characterized to display, 
such as compact foci when visualized in microscopy, as well as its interactions outside of parS, 
ParB required two distinct interactions. It required that ParB employ interactions with its nearest 
neighbors in the formation of short 1-D filaments, as well as a 3-D bridging interaction with ParB 
dimers or DNA. The simulations parameters resulted in a ParB binding profile resembling a 
triangular distribution with ParB spreading from both sides of the centromere site (Fig. 13 A). The 
suggested probability of ParB binding at any genomic location, as well as ParBs spreading 
distance, was directly correlated to the intracellular concentration of ParB dimers. The ensemble 
of experimental and in silico results, led to the “spreading and bridging” hypothesis that suggested 
ParB interacts with centromere-flanking DNA by creating short 1-D linear filaments that are also 
capable of 3-D bridging interactions (Fig. 13 B)(Broedersz et al., 2014).  
While in vitro and in silico methods allow a certain degree of liberty that is not afforded 
through traditional bench experimentation, there remain certain limitations to be considered.  
These limitations were highlighted through the work of Taylor et al, 2015.  Previous single 
molecule flow cell experiments that highlighted the bridging and compacting capabilities of ParB 
were performed in conditions lacking the element of competitor DNA (Graham et al., 2014). The 
chromosome of B. subtilis is ~4.1-Mb, which represents approximately a 400-fold excess of the 
~10-kb of flanking centromere DNA to which ParB is shown to interact with. This results in a high 
intracellular level of nsDNA that ParB would be in close contact with the cell. An independently  
Figure 14: Competitor DNA reverses in vitro ParB DNA compaction. Magnetic tweezers experiments containing
a DNA substrate of ~6-kb containing a single parS site is attached to a coverslip at one end and a biotin:streptavidin
bead on the other. In the absence of ParB (left), the DNA is at full extension. The addition of ParB results in a
decrease in extension consistent with previous compaction studies (see figure 12). However, the compaction
process was fully reversible by the introduction of parS competitor oligonucleotides. The decompaction is
characterized by discrete steps that may last seconds to minutes (Extracted from Taylor et al., 2015).
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reproduced single-molecule cell flow experiment revealed that in fact, ParB bridging and 
compaction was reversible upon the addition of competitor DNA (Fig. 14)(Taylor et al., 2015). 
Furthermore, the previous work of Graham et al., 2014, suggested that ParBB.s did not show a 
higher affinity for parSB.s than it did for nsDNA. EMSA assays showed no evidence to support that 
ParBB.s displayed a high-affinity for parSB.s nor that it played a key role in ParBs bridging and 
compaction of DNA (Graham et al., 2014), contrary to previous ChIP-chip evidence indicating that 
ParBB.s spread in a parSB.s dependent manner (Breier and Grossman, 2007).  In addition, the strong 
interactions of ParB with its cognate centromere have been characterized through both in vivo 
and in vitro methods (Breier and Grossman, 2007; Funnell, 1991; Mori et al., 1989; Murray et al., 
2006). Taylor and colleagues later found that the uncharacteristic absence of affinity of ParBB.s for 
parSB.s found in the previously performed EMSA assays (Graham et al., 2014), was rectified by the 
replacement of EDTA with magnesium in a similar native EMSA gel (Taylor et al., 2015). The 
affinity of ParBB.s for its cognate parSB.s was found to be only 2.5-fold stronger than its affinity for 
nsDNA, much lower than in other tested systems (See section 1.2.4.3a). This observed low affinity 
of ParB for parS leaves the question as to the mechanism of ParB nucleation and spreading 
without a strong nucleation center in B. subtilis.   
The elusiveness of ParB’s interaction outside of the centromere was further put into 
question following its visualization through single molecule microscopy (Sanchez et al., 2015). 
ParB had previously been characterized to form foci by traditional epifluorescence microscopy 
(Gordon et al., 1997), and the high-resolution of single molecule microscopy revealed that in the 
case of the plasmid F, over 90% of ParBF dimers were contained in highly concentrated clusters 
(Fig. 15) (Sanchez et al., 2015). However, when each parSF contains only 10 specific binding sites, 
this leaves a large excess of ParBF without the possibility to bind DNA specifically. The results of 
plasmid F ChIP-seq also revealed a highly enriched binding profile of ParBF at the parS genomic 
location, as well as over ~18-kb of centromere-flanking DNA (Fig. 16)(Sanchez et al., 2015). This 
binding profile indicates that the ParB dimers not bound at centromere specific sites, remain 
proximal to parS by binding to nsDNA, in support of previous hypotheses. Still, this does not 
respond to the question of why ParB had previously been observed in conditions contradicting  
  
Figure 16: ParBF ChIP-seq binding profile suggests stochastic interactions with nsDNA
ChIP-seq of plasmid F (pOX38B) using anti-ParBF antibodies. The data is represented as number of reads (y-axis)
plotted against the genomic plasmid F coordinates (x-axis) with only the reads between 4-35-kb shown. The
location of parS, ori2 iterons, and incC are indicated by the blue, yellow and pink vertical boxes, respectively.
The red and green dots indicate the reads to the left and right of parS respectively. The dashed grey line
corresponds to the average background of 90 reads/bp as calculated by the average reads per bp on the
plasmid F outside of the ParB spreading zone. (Inset) A comparison of the ChIP-seq binding profile (black) with
the model predictions of partition complex assembly (red and blue). A power law with an exponent of -1.5
(green), correlates best with the in vivo ChIP-seq data (Extracted from Sanchez et al., 2015).
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Figure 15: PALM of plasmid F shows highly concentrated ParBF foci
The majority of ParBF is caged within small confinement zones. i) A pointillist representation where each single
green dot is representive of a single molecule event. ii) A single-molecule density plot with a colored scale bar
representing the normalized number of detected events per square micrometer. (Extracted from Sanchez et al.,
2015)
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spreading (Hanai et al., 1996), and was further demonstrated by the lack of ParB protection to 
centromere-flanking DNA by in vivo DNase I footprinting (Fig. 17)(Sanchez et al., 2015).  
Analysis of the in vivo ChIP-seq ParB binding profile revealed it was in a strong 
contradiction with the physico-mathematical modeling predictions of a protein that binds nsDNA 
as a 1-D linear filament, as well as a protein that spreads and bridges DNA (Sanchez et al., 2015). 
These results, combined with a mathematical analysis of the ChIP-seq data showed that the ParB 
binding profile followed a power law fitting with an exponent of -1.5.  This particular fitting 
assumes that the DNA is a flexible Gaussian polymer in a dense solution of DNA. The return of a 
genomic loci into a sphere of high ParB concentration is correlated to its genomic distance from 
the point of origin, parS (Sanchez et al., 2015). The interactions of ParB with centromere-flanking 
DNA would therefore occur stochastically, with no basis on the intracellular concentration of 
ParB, contrary to the spreading and bridging model. These new insights led to the proposal of the 
“nucleation and caging” model, which suggested parS acts as a strong nucleation site that attracts 
the large majority of the intracellular pool of ParB (Fig. 18). It is then through weaker synergistic 
interactions of ParB with the ensemble of intracellular nsDNA as well as with other ParB dimers, 
combined with folded polymer conformation of DNA that leads to the spatial entrapment of ParB 
to parS proximal regions. The interactions of ParB with nsDNA as well as other ParB dimers, are 
assumed to be weak and dynamic, contrary to a strong and specific interaction at the parS site. 
This assumption could respond to the question as to why ParB nsDNA binding was unable to be 
detected in certain experiments (Hanai et al., 1996), while experiments that employed 
formaldehyde cross-linking were consistently able to capture these interactions (Breier and 
Grossman, 2007; Graham et al., 2014; Lynch and Wang, 1995; Rodionov et al., 1999; Sanchez et 
al., 2015).   
 
1.3-How partition systems govern more than DNA segregation 
 Partition systems on chromosomal and extrachromosomal genetic elements show a 
striking degree of mechanistic conservation, as described in the previous sections. This 
conservation of the ParABS system is observed after billions of years of evolutionary force that 
have shaped each organism for its survival. However, this is not to say that the partition systems  
Figure 17: DNase I footprinting assay reveals no protection pattern outside specific ParBF binding sites.
Head-to-head arrows represent the location of 16-bp parSF sites. Exponentially growing cells either
induced (+) or not (-) for parBF expression, were subjected to in situ DNase I treatment. A normalized
densiometric scan is shown for both induced (red) or no induction (black) samples (Extracted from
Sanchez et al., 2015).
ParB
+ ParB
- ParB
Figure 18: The nucleation and caging model
Partition complexes are assembled through a synergistic and dynamic stochastic assembly. parS is schematically
drawn as a grey rectangle, to which ParB dimers bind with high affinity (dark blue). Additional ParB dimers are
attracted to the vicinity of ParB/parS by the network of ParB interactions with other ParB dimers and nsDNA.
The purple lines represent the parS proximal DNA that is within the ParB spreading zone adjacent to parS, while
the black lines indicate the complex network of nsDNA that participates in the caging of ParB dimers. The blue
dashed circle represents the zone of high ParB concentration nucleated by parS.
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among all bacteria remain unchanged and identical. My thesis project focused on the mechanistic 
conservation of partition complex assembly among chromosomal and extrachromosomal 
systems, however, a remarkable feature of chromosomal partition systems are their evolved 
capabilities to serve multiple functions within the cell. These evolved adaptations of ancient and 
expert bacterial partition systems have taken on are numerous and variable, and in some cases 
partition systems from different bacteria have adapted similar functions.  
These evolved adaptations of partition systems can give interesting insight into the 
mechanism of partition by investigating the multiple interactions partition elements have in the 
cell. The rest of this chapter will focus on the current known examples that bacteria have evolved 
to exploit their partition systems for extra-partition processes, such as gene regulation, cell 
growth, cell division, DNA replication, and chromosome organization (Table 2).  As this multi-
tasking of partition systems is seen mainly on chromosomal partition systems, this chapters main 
focus will be on chromosomal (type Ia) partition systems, with a short overview of 
extrachromosomal.  
 
1.3.1-Gene regulation 
 The ability of partition proteins to affect gene expression was first uncovered through 
studies of ParB gene silencing in the vicinity of parS of both the plasmid F and the plasmid 
prophage P1 (Lynch and Wang, 1995; Rodionov et al., 1999). These experiments revealed that the 
expression of reporter genes inserted up to 11-kb from either side of parS were affected (Lynch 
and Wang, 1995; Rodionov et al., 1999). The resulting changes in gene expression were found to 
be linked to the spreading of ParB onto centromere-flanking DNA. Single-molecule microscopy 
revealed that over 90% of ParB dimers were contained in highly concentrated foci revealing the 
extent of wild-type ParBs presence surrounding parS (Fig. 15; Sanchez et al., 2015). With such 
high local concentrations of ParB, the ability of RNA polymerase to access gene promoters may 
be limited. The function of partition proteins as gene regulators appears to have evolved specific 
functions on bacterial chromosomes. The specific positioning of parS within 15% of the 
chromosome’s origin of replication may have evolved to be of greatest advantage to the organism 
(Livny et al., 2007), as ParB spreading appears to play a regulatory role to the surrounding genes.   
Table 2: Summary of chromosomal Par-mediated evolved adaptations
All partition elements are generically termed ParABS, as in table 1. The interactions detailed in the main text
are summarized by the overall effect of partition elements (first column), then separated by the specific
organism (second column), and the partition element(s) involved (third column). The effect of the partition
element may be due to a direct, or indirect, interaction. The method or partner of the direct or indirect
interaction, respectively, is indicated (fifth column), as well as the mechanism employed (sixth column).
Organisms Par Element Involved Interaction Via Mechanism
Gene regulation
P. aeruginosa
ParAB
Direct
ParB spreading Control of gene expressionV. cholerae-1 Direct
S. pneumoniae Direct
Cell Division
C. crescentus ParB Indirect MipZ
Blocking of Z-ring formation
S. venezuelae ParB Unknown Unknown
Cell Growth/Morphology
Streptomyces ParA Indirect Scy Unknown
B. subtilis
ParB
Indirect
DivIVA Unknown
C. crescentus Indirect
M. tuberculosis Indirect
S. coelicolor Indirect
S. pneumoniae Indirect
V. cholerae-1 ParAB Direct ompU Gene upregulation
P. aeruginosa ParAB Direct ParB spreading/unknown Repression cell wall synthesis genes
Replication
B. subtilis
ParA
Indirect
DnaA
Mediate DnaA oligomerization
V. cholerae-1 Indirect Unknown
C. crescentus parS Indirect Titration of DnaA by ParB
Chromosome Organization
B. subtilis
ParB Indirect SMC Loads SMC at parSC. crescentus
S. pneumoniae
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This section will focus on the different ways partition proteins function as gene regulators via ParB 
spreading as well as through other mechanisms.  
 
1.3.1a-Pseudomonas aeruginosa  
The partition operon of P. aeruginosa is located approximately 7-kb upstream from oriC 
(Bartosik et al., 2004). Ten putative parS sites are found throughout the chromosome, eight of 
which are located within a 15% range of oriC, and the two additional sites are located on the 
opposite end of the chromosome (Bartosik et al., 2004). ChIP-seq binding profiles revealed that 
ParB binds specifically to only four parS sites located within 15kb of oriC, with a strong enrichment 
seen over 20-kb of centromere-flanking DNA, indicating ParB spreading (Lagage et al., 2016).  ParB 
did not significantly bind to the other six suggested parS sites (Lagage et al., 2016), which diverged 
by two basepairs from the consensus sequence described from B. subtilis (Bartosik et al., 2004; 
Livny et al., 2007). This parS sequence divergence may confer different affinities for ParB, as was 
shown for parSF and parS of Burkholderia cenocepacia (Pillet et al., 2011, 2017). Interestingly, the 
phenotypes of strains deleted for either ParA or ParB proteins, resulted in similar pleiotropic 
phenotypes with defects including cell growth, chromosome segregation, cell division, swarming, 
and swimming (Bartosik et al., 2009; Lasocki et al., 2007). The observation of a diverse array of 
cellular perturbations in partition mutant strains suggests the possible implications of partition 
proteins in a range of cellular processes. ChIP-seq data showing enrichment of ParB over 20-kb 
within the origin chromosomal region, as well as peaks at nine non-parS sites (see below), may 
suggest a wider range of the partition proteins regulatory capacities through more extensive 
contact with chromosomal genes.  
To determine at what level the cellular perturbations occurred, strains deleted for either 
or both partition proteins were probed via DNA microarray analysis to investigate changes of gene 
expression. Similar transcription profiles were obtained for ∆parA and ∆parB, with a large number 
(697 and 479, respectively) of genes showing a 2-3 fold difference in gene expression (Bartosik et 
al., 2014). A similar study investigated partition mediated gene expression effects by inducing a 
slight ParB overexpression in order to avoid the strong phenotypic effects of a ∆parB strain 
(Kawalek et al., 2017). Both studies revealed that of the genes affected, changes in gene  
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expression were found from all functional categories such as; chemotaxis, motility, attachment, 
replication, cell and environmental stimuli, cell division, stress response, metabolism, etc. 
(Bartosik et al., 2014; Kawalek et al., 2017). The similarity in transcription profiles among the 
∆parA and ∆parB deletion strains suggests that ParA may also play a role in the regulation of 
genes, through an unknown mechanism. However, Western immunoblot analysis revealed that 
ParB becomes more prone to degradation in the absence of ParA while the transcription of ParB 
remains as wild-type (Lasocki et al., 2007). The reason for ParB’s increased degradation has yet 
to be explained, however, this could give insight into the similarities of transcriptional profiles in 
both ∆parA and ∆parB contexts. In the ∆parA strain, ParB is still able to spread along centromere-
flanking DNA prior to its degradation, as ChIP-seq and epifluorescence microscopy indicate that 
ParA is not required for partition complex formation (Lagage et al., 2016). This suggests that ParB 
may in fact be responsible for the changes in gene expression through its spreading along 
centromere surrounding regions in both deletion strains.  However, the complete set of 697 genes 
affected by ParB cannot reside within the 20-kb of centromere-flanking DNA that ParB binds.   
In the case of P. aeruginosa, ParB binding is also found to be enriched at eight additional 
non-parS sites, with no evidence of spreading to flanking DNA (Lagage et al., 2016). Only one of 
the non-parS peak locations corresponded to a gene affected in the ∆parB context, PA3430, which 
encodes a putative aldolase and showed an approximate 3-fold change in gene expression 
(Bartosik et al., 2014; Lagage et al., 2016). However, in the context of ParB overexpression, non-
parS peak locations showed no changes in expression of adjacent genes (Kawalek et al., 2017). 
These investigations reveal that ParB’s involvement in gene regulation may occur beyond its 
reaches of the centromere-flanking DNA to which it is found to enrich, and may in addition employ 
other means of gene regulation that are currently not understood. It may also suggest that the 
proper intracellular concentration of partition proteins in P. aeruginosa functions as an essential 
checkpoint for several cellular processes. Defects in chromosome segregation were seen in the 
case of overproduction and degradation of partition proteins (Bartosik et al., 2009; Lasocki et al., 
2007), which could signal the initiation of a cascade of a global stress response affecting multiple  
  
Figure 19: Gene regulation - V. cholerae partition proteins act as transcription regulators
A) ChIP-chip of V. cholerae’s chromosome 1 reveals the ParBV.c1 binding profile surrounding the three parSV.c1
sites (dashed lines). The data is plotted as the fold change in comparison to non-immunoprecipitated
conditions (y-axis) versus genomic coordinates (x-axis). The black-line represents the wild-type ParB binding
profile, the green line represents a ∆parAV.c1 strain, and the blue line represents a ∆parBV.c1 strain.
B) Transcriptome analysis of genes surrounding the three parSV.c1 sites (dashed lines). The gene locations are
indicated by the numbered boxes with the locus tag from VC0060 to VC0079. Genes located on the plus or
minus strand are represented as white or black boxes, respectively. Genes outlined in red are indicative of a
change in gene expression of at least 2-fold in either the absence of ParAV.c1 or ParBV.c1. Fold changes to gene
expression in strains ∆parAV.c1 (green), ∆parBV.c1 (blue) and ∆parABV.c1 (red) are represented in log2 relative to
wild-type conditions (Extracted from Baek et al., 2014).
A
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cellular systems. For further information about how ParAB-mediated gene regulation affects 
phenotypes in P. aeruginosa, refer to the cell growth and morphology section 1.3.2b.4. 
 
1.3.1b-Vibrio cholerae 
The partition proteins of the pathogenic bacteria V. cholerae, also display an involvement 
in gene regulation.  The genome of V. cholerae is composed of two chromosomes that contain 
their own replicon specific partition system (Fogel and Waldor, 2005; Yamaichi et al., 2007). The 
partition system of chromosome-1 is typical of chromosomal type Ia, whereas chromosome-2 
resembles an extrachromosomal type Ia (Livny et al., 2007).  Chromosome-1 contains three parS 
sites positioned approximately equidistant over 7-kb that are 62-kb downstream from oriC (Fig. 9 
B; Yamaichi et al., 2007). The binding profiles of ParB from ChIP-chip (Fig. 19 A; Baek et al., 2014) 
and ChIP-seq (See section 4.2.2.4) analysis showed ParB binds specifically at the three parS sites 
as well as over ~16-kb of centromere flanking DNA. Transcriptome analysis of a strain deleted for 
ParB revealed significant changes in gene expression for three genes that encoded an 
aminopeptidase P (VC0067), drug resistance (VC0069), and stress response protein (VC0076) 
(Fig.19 B; Baek et al., 2014).  The first two genes (VC0067, VC0069), were also found to be 
upregulated in a strain deleted for ParA, and were found to be upregulated only in the presence 
of parS in both cases (Baek et al., 2014). This evidence could suggest a role of ParA as a gene 
expression regulator. However it could not be ruled out that the slight decrease of ParB binding 
in a ∆parA context as seen through ChIP-chip could leave centromere-flanking DNA more 
available to RNA polymerase binding (Baek et al., 2014), as both genes affected are located within 
the spreading centromere-flanking region of ParB. A third gene, ompU, which encodes an outer 
membrane pore protein, was also found to be upregulated by about 4-fold in the strain deleted 
for ParB (Baek et al., 2014). The gene ompU is located outside of the spreading zone of ParB, 
indicating that its change in gene expression is a result of a currently unknown mechanism. The 
effect on gene expression linked to partition proteins in V. cholerae is much less pronounced than 
that of P. aeruginosa, however in both cases, ParB appears to regulate gene expression through 
its spreading interaction on centromere-flanking DNA as well as through indirect unknown 
mechanisms.  
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1.3.1c-Streptococcus pneumoniae 
Streptococcus pneumoniae (S. pneumoniae), shows possible partition-mediated 
pleiotropic roles in cellular processes from cell growth, chromosome organization, as well as gene 
regulation (Attaiech et al., 2015; Fadda et al., 2007; Minnen et al., 2011). For more information 
on the partition systems roles of S. pneumoniae in cell growth and chromosome organization, see 
section 1.3.2b.3 and 1.3.4c, respectively. Interestingly, the partition system of S. pneumonia is 
part of a group of bacteria (Staphylococcus, Streptococcus, Lactococcus), that have lost the ParA 
ATPase element and maintain an orphan ParB that forms a partition complex with parS (Livny et 
al., 2007). The orphan partition system of S. pneumonia has been found to segregate 
chromosomes with the help of other factors such as the direct interaction of ParB with condensin 
SMC (structural maintenance of chromosomes) (Minnen et al., 2011), as well as through the 
passive mechanistic forces of transcription (Kjos and Veening, 2014).  
S. pneumoniae is a human pathogen that relies on its innate ability to adapt to local 
environments, evade host defense systems, and resist antibiotics.  These survival capabilities are 
linked to the bacteria’s competency system, comCDE, that enables the uptake and processing of 
extracellular DNA (Johnston et al., 2014), which in the case of S. pneumoniae has been found to 
be regulated in part by ParB (Attaiech et al., 2015). The comCDE operon constitutes the master 
switch for competence induction in S. pneumoniae and functions through a positive feedback 
loop that coordinates population competence (Martin et al., 2010). ChIP-chip assays indicated 
that ParB binding showed strong enrichment at four parS sites located within a 166-kb range 
surrounding oriC (Minnen et al., 2011). One of the parS sites (parS-3) is located approximately 
6.5-kb from the promoter of the comCDE operon, and ParB binding was detected via ChIP-qPCR 
assays at the promoter location as well as the 3’ end of the operon located 5-kb from parS-3 
(Attaiech et al., 2015). ChIP-qPCR assays of strains mutated at the parS-3 site, revealed that the 
binding of ParB within the comCDE operon was dependent on its nucleation at the nearby parS-3 
site (Attaiech et al., 2015). Luciferase assays revealed a competence up phenotype in both ∆parB 
and ∆parS-3 contexts, as indicated by the increased gene expression of the comCDE operon as 
well as ssbB, a protein whose activity is dependent on competence development (Attaiech et al., 
2015). Microarray analysis confirmed that ParB did not function as a global transcription  
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regulator, indicating that ParB functions to specifically delay competence development in S. 
pneumoniae (Attaiech et al., 2015). No significant growth defects resulted from either the ∆parB 
or ∆parS-3 contexts, suggesting that other cellular processes were not affected (Attaiech et al., 
2015). The role of ParB in the delay of competence development has not yet been fully explored. 
However, competence has been shown to increase bacterial fitness even when the uptake of DNA 
is not taking place (Engelmoer and Rozen, 2011), and could suggest that the absence of ParB 
spreading is a signal to report cellular distress.  
 
1.3.2-Segregation in relation to cell cycle 
1.3.2a-Cell division 
 Cellular division in bacteria occurs through the process of cytokinesis and is coordinated 
by the tubulin homolog FtsZ (reviewed in Adams and Errington, 2009). The onset of division must 
occur after the segregation of chromosomes in order to obtain two identical daughter cells 
containing all necessary components for the organism’s survival. The key component of 
cytokinesis, FtsZ, is a highly conserved GTPase among most bacteria. In a GTP dependent manner, 
FtsZ forms a membrane associated complex that encircles the future site of division, in the 
formation of what is called the Z-ring. Several proteins have been found to associate directly with 
FtsZ in order to ensure the proper positioning and timing of Z-ring constriction, as inefficiencies 
or errors in division can result in cell death. In order for optimum cell division to occur, the 
organism must reach a desired cell mass that would yield sufficiently sized daughter cells (Wang 
and Levin, 2009), and all genomic material must be cleared from the future site of division. Some 
chromosomally encoded partition systems appear to have evolved a role in cellular division by 
interacting with or influencing FtsZ.  
 
1.3.2a.1- Caulobacter crescentus 
The ParB protein of C. crescentus binds specifically to two 16-bp parS sites located near 
the origin of replication, oriC, and is segregated unidirectionally to the opposite polar proximal 
location (Mohl and Gober, 1997; Mohl et al., 2001; Webb et al., 1997). Epifluorescence  
Figure 20: Cell division - ParBC. crescentus interacts with MipZ to regulate Z-ring formation
A) ParB depletion blocks cell division and results in long filamentous cells. i) Microscopy of FtsZ
immunofluorescence in ParB-depleted cells. FtsZ-ring formation was visualized with polyclonal anti-FtsZ
antibody and goat anti-rabbit IgG antibody conjugated to Cy3. White arrows signify FtsZ rings. After 2 hours of
ParB depletion, most cells exhibit normal morphology. By 10 hours, depletion of ParB results in long smooth
filamentous cells with very few cells displaying constrictions associated with division sites. Following 10 hours of
depletion most cells are elongated filaments, and FtsZ rings are largely absent. ii) Immunoblot against ParA and
ParB displays the relative levels of ParA and ParB with the indicated the time in hours (hrs) following the
initiation of ParB depletion (Extracted from Mohl et al., 2001).
B) Time-lapse microscopy of C. crescentus swarmer cells induced to synthesize MipZ-YFP and ParB-CFP. Both
fusion proteins showed frequent colocalization patterns throughout the cell cycle (Extracted from Thanbichler
and Shapiro 2006).
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microscopy of a ParB depletion strain showed filamentous cells and an inhibition of Z-ring 
formation along with cellular division (Fig. 20Ai-ii)(Mohl et al., 2001). A distantly related ParA-like 
protein, MipZ, was found to inhibit Z-ring formation and interact with the ParB-parS complex (Fig. 
20B) (Thanbichler and Shapiro, 2006). Stimulation of MipZ’s ATPase activity is believed to occur 
through its specific interaction with the partition complex, which induces a MipZ gradient as it 
segregates along with the origin proximal region towards the cell pole (Easter and Gober, 2002; 
Thanbichler and Shapiro, 2006). As the gradient progresses, MipZ concentration at mid-cell is 
reduced until no longer present, lifting the inhibition of Z-ring formation (Thanbichler and 
Shapiro, 2006). The C. crescentus ParB thus indirectly prevents cellular division over unsegregated 
chromosomes via its interaction with the Z-ring inhibitor MipZ.   
 
1.3.2a.2-Streptomyces venezuelae 
Similarly, the partition system of Gram-positive bacterium Streptomyces venezuelae (S. 
venezuelae), shows a possible link between chromosome segregation and cell division 
(Jakimowicz et al., 2002; Kim et al., 2000). S. venezuelae was found to contain 16-parS sites within 
200-kb of ori, where ParB was shown to bind specifically and spread over an ensemble of 
approximately 40-kb of centromere-flanking DNA (Donczew et al., 2016). Contrary to rod-shaped 
bacteria the ParABS system of S. venezuelae segregates tens of linear chromosomes during 
sporulation into filamentous sporogenic hyphal compartments (Flärdh and Buttner, 2009). Each 
segregated chromosome contains a single partition complex that positions the chromosome 
relative to future septation sites (Jakimowicz et al., 2006, 2007).  Multiple Z-rings are then formed 
regularly spaced throughout the filamentous structure in order to perform cellular division that 
results in daughter spores containing a singular chromosome.  The coordination of multiple Z-ring 
formations may result from an interaction with ParB, as epifluorescence microscopy showed that 
in a ∆parB strain, Z-ring formation and cellular division did not occur (Donczew et al., 2016). This 
suggests that, as in the case of C. crescentus, a link exists to couple DNA segregation via ParB 
interactions to cellular division via Z-ring formation.  The role of ParA in cell growth, which will be 
discussed in section 1.3.2b1, could link the ensemble of the partition elements as cellular 
checkpoints assuring that proper growth and chromosome segregation occurs prior to septation  
 74 
  
 75 
(Ditkowski et al., 2013; Donczew et al., 2016). However, it is also possible that defects in 
chromosome segregation due to the absence of ParB may also be the cause of cellular division 
inhibition. Further studies to identify the in vivo interactions of ParB with division proteins are 
needed to define the mechanism behind the Streptomyces ∆parB phenotype.  
 
1.3.2b-Cell growth/morphology 
The coordination of cell growth and shape is a robust and essential mechanism that varies 
among bacteria.  In eubacteria, peptidoglycan forms a mesh-like layer along the inner membrane 
and is responsible for the maintenance of cell structure (Typas et al., 2011). Cell growth and 
maintenance of cell structure is accomplished through a dynamic process involving the 
coordinated efforts of many proteins that allow the spatiotemporally regulated insertion of newly 
synthesized peptidoglycan (Höltje, 1998). In some bacteria cell growth occurs through lateral 
peptidoglycan synthesis, and in other cases it occurs apically at cell poles (Cava et al., 2013). In 
addition, bacteria come in a range of different shapes (crescent, coccoid, rod, etc.), and this 
process is often coordinated with cell growth. This section will focus on the wide array of effects 
that chromosomal partition systems have been shown to have on bacterial growth and 
morphology, and the subsequent implications to the organism’s survival.  
 
1.3.2b.1-Streptomyces 
In Streptomyces, transcription of partition proteins only occurs prior to sporulation 
septation (Jakimowicz et al., 2006; Kim et al., 2000). Once present in the cell, ParA is recruited to 
hyphal tips by the tip-organizing center (TIPOC) protein Scy (Ditkowski et al., 2013). The TIPOC is 
a multi-scaffolded protein center responsible for the control of tip growth, and Scy plays an 
important role in recruiting the necessary proteins, such as DivIVA (Holmes et al., 2013). Once 
ParA has been recruited by Scy, hyphal growth ceases switching from hyphal extension to 
sporulation and chromosome segregation begins (Donczew et al., 2016). The exact mechanism of 
how this occurs is not yet understood. However, Scy has been found to negatively regulate ParA 
filamentation in vitro (Ditkowski et al., 2013). In fact, in the absence of Scy, ParA forms filaments 
in vivo resulting in aberrant chromosome segregation and septation effects (Ditkowski et al.,  
Figure 21: Cell growth - ParB of C. glutamicum colocalizes with DivIVA
A) Arginine R21 is implicated in as the interaction interface of ParB with DivIVA in C. glutamicum. Fluorescence  
microscopy shows cells expressing either wild-type ParB-eCFP (green; top) or ParBR21A-eCFP (green; bottom), 
with DiVIVA-mCHERRY (red). ParBR21A-eCFP mutant shows altered polar localization with less frequent 
colocalization with DivIVA.
B) Foci positioning analysis shows that wild-type ParB-eCFP (black) localizes predominately at cell poles, while 
ParBR21A-eCFP (grey) foci display aberrant positioning.
(Extracted from Donovan et al., 2012).
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2013). This indicates that the regulation of ParA filamentation and its anchoring to the cell pole is 
required for proper chromosome segregation. In collaboration with the role that ParB plays in cell 
division, it appears that Streptomyces relies heavily on the partition proteins to properly 
coordinate cell cycle events.  
 
1.3.2b.2-DivIVA 
The coiled-coil protein DivIVA, is conserved among Gram positive and negative bacteria. 
Originally described as a cell division protein, DivIVA is responsible for the recruitment of proteins 
involved in many cell processes, notably cell wall biosynthesis and determination of cell shape 
(Donovan et al., 2012; Letek et al., 2008). A unified role for the protein among its many 
orthologues has yet to be determined. In regards to cell wall biosynthesis, DivIVA is found to 
accumulate at regions of the cytoplasmic membrane with increased negative curvature, that 
correspond to areas of cell wall growth such as the cell poles and nascent septa (Lenarcic et al., 
2009; Ramamurthi and Losick, 2009). 
In the case of sporulating Actinobacteria, cell growth occurs apically through the insertion 
of new cell wall material at polar locations, coordinated by the DivIVA protein (Letek et al., 2008). 
Epifluorescence microscopy and bacterial two-hybrid interaction analysis using Corynebacterium 
glutamicum (C. glutamicum) as a representative of Actinobacteria, showed that ParB interacts 
with the apical growth determinant, DivIVA, both in vivo and in vitro (Donovan et al., 2010, 2012). 
Epifluorescence microscopy shows that this interaction between DivIVA and ParB anchors the 
partition complex to the cell pole (Fig. 21 A; top) (Donovan et al., 2012; Ramamurthi and Losick, 
2009). An N-terminal arginine motif (R21) of ParB was implicated as the interaction interface 
between ParB and DivIVA, as its mutation resulted in the loss of partition complex polar 
localization (Fig. 21 A; bottom) (Donovan et al., 2012). In knockout and depletion experiments in 
C. glutamicum of either ParB or DivIVA, respectively, both phenotypes displayed impairments in 
cell growth, suggesting that their interaction may function as a checkpoint with implications on 
polar growth (Fig. 22 A-B) (Donovan et al., 2010; Letek et al., 2008). Interaction between DivIVA 
and ParB was found to be a conserved activity of Mycobacterium tuberculosis (M. tuberculosis),  
  
Figure 22: Cell growth – Absence of ParB and DivIVA depletion show cell growth defects in
C. glutamicum
A) Phenotype of C. glutamicum ΔparB mutant. Phase-contrast images of i) wild-type (WT) rod-shaped C.
glutamicum cells and ii) ΔparB cells that display round and often elongated morphology (Extracted from
Donovan et al., 2010).
B) Effect of DivIVA depletion on cell shape and polar growth of C. glutamicum. Phase-contrast exponentially
growing cells. Similar to the ΔparB phenotype, i) the typical morphology of C. glutamicum WT cells ii) was
converted to a round morphology in a DivIVA depletion strain, (divIVA-depl)(Extracted from Letek et al., 2008).
WT divIVA-depl
WT ΔparB
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S. coelicolor, S. pneumoniae, as well as in B. subtilis (Donovan et al., 2012; Fadda et al., 2007; 
Ramamurthi and Losick, 2009). 
 
1.3.2b.3-Vibrio cholerae 
Investigations of the partition proteins of V. cholerae have suggested their involvement 
and interaction with cellular components dealing with cell growth and morphology. A 
multifaceted polar protein that is conserved in all Vibrio spp, HubP (hub of the pole), is responsible 
for the polar localization of the origin region of Chr-1 through an interaction with its cognate ParA 
(Yamaichi et al., 2012). This interaction of ParA with HubP was characterized by both bacterial 
two hybrid assays as well as epifluorescence microscopy (Yamaichi et al., 2012). Currently no link 
has yet to be found between ParA and the other proteins that HubP is known to interact with, 
such as those involved in chemotactic machinery and flagellum formation. However, it appears 
that the partition system functions separately from its interaction with HubP to change cell 
morphology through changes in gene transcription. Transcriptome analysis shows the outer 
membrane pore forming protein, ompU, is upregulated in ∆parA (5-fold), ∆parB (4-fold), and 
∆parAB (120-fold) genetic contexts (see section 1.3.1c)(Baek et al., 2014; Wibbenmeyer et al., 
2002). Changes in gene transcription linked to the spreading of ParB to centromere-flanking 
regions has been characterized for both chromosomal and extrachromosomal systems (Attaiech 
et al., 2015; Baek et al., 2014; Bartosik et al., 2014; Breier and Grossman, 2007, 2007; Ireton et 
al., 1994). However, in the case of the upregulation of ompU, the gene itself is located outside of 
the region ParB was shown to associate with via ChIP-chip analysis (Baek et al., 2014). No specific 
binding to the ompU gene promoter was seen by EMSA assays using either ParA or ParB (Baek et 
al., 2014), indicating that a mechanism to affect gene transcription other than ParB spreading 
may be at work, that directly affects cell morphology.   
 
1.3.2b.4-Pseudomonas aeruginosa 
P. aeruginosa employs the protein MreB for lateral cell growth and to maintain its rod-
shape. The actin-like homologue, MreB, is present in many bacteria and is responsible for the 
maintenance of cell shape and growth in such model bacteria as B. subtilis, E. coli, and C.  
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crescentus (Figge et al., 2004; Wachi et al., 1987). Rod-shaped cells deleted for MreB show lack of 
lateral cell wall synthesis, increased cell diameter, and a spherical morphology (Figge et al., 2004). 
MreB is also known to  interact with other conserved inner membrane proteins (MreC, MreD, 
RodZ, etc.), that are known to catalyze peptidoglycan elongation and cross-linking (Typas et al., 
2011). It is suggested that MreB is responsible the functional organization of the peptidoglycan 
biosynthesis complex perpendicular to the cell axis and allows for lateral cell wall growth (Cho, 
2015).  
The regulation of MreB mediated cell growth is not well understood, however, a link to 
the partition system proteins of P. aeruginosa possibly playing a regulatory role has been found 
(Bartosik et al., 2014). Deletions of either partition genes, parA or parB, show similar pleiotropic 
non-lethal phenotypes with particularly strong defects in chromosome segregation and growth 
(Bartosik et al., 2009; Lasocki et al., 2007). Gene expression analysis from DNA microarray assays 
suggested that the partition proteins of P. aeruginosa function as global transcription regulators 
(see section 1.3.1a)(Bartosik et al., 2014). Interestingly, the gene transcription profile results 
indicated that the gene encoding shape determining protein MreB, was repressed 2-3 fold in both 
∆parA and ∆parB contexts (Bartosik et al., 2014). Other proteins involved in peptidoglycan 
synthesis also revealed partition protein dependent gene repression (mreB, mgtA, mltA, htrB, 
lpxB, lpxA, Int, murA) (Bartosik et al., 2014). The phenotypes displaying strong cell growth defects 
in the absence of partition proteins, coupled with the data of repression of cell wall synthesis 
genes, suggests a strong link between partition and cell growth. The effects on P. aeruginosa cell 
growth shows similarity to the cell growth repression seen in the absence of partition proteins of 
actinobacteria (Donovan et al., 2012), and it appears that while the partners that the partition 
proteins interact with vary, chromosome segregation is a conserved checkpoint for cell growth.  
 
1.3.3-Replication 
The general principles of DNA replication are conserved among bacteria. However, the 
diverse regulatory mechanisms involve the coordination of numerous proteins.  The nucleotide 
sequence for the origin of replication, generally termed oriC, is frequently flanked by the dnaA 
gene (Wolański et al., 2014). The initiation of replication occurs when the replication initiator  
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protein DnaA binds to specific binding sites (DnaA boxes) near oriC, and forms an oligomeric 
nucleoprotein structure (Jameson and Wilkinson, 2017).  The binding of DnaA in the oriC region 
triggers an AT-rich sequence called the DNA unwinding element (DUE). This sequence initiates 
the unwinding of the DNA double helix and serves as a point of entry for the recruitment of DNA 
helicase loaders responsible for charging of helicases to the now unwound single-stranded DNA 
(ssDNA). The control of DNA replication is essential to an organism’s survival, as initiation must 
be timed properly according to growth rate in order to create genetically identical daughter cells. 
All three elements of the partition system show involvement with the initiation step of 
replication, indicating an important link coordinating DNA replication with chromosome 
segregation. 
 
1.3.3a-Bacillus subtilis 
The partition system of Gram-positive bacterium B. subtilis is involved in the initiation of 
replication through the interactions of the ATPase ParA. In wild-type conditions, ParA displays 
several intracellular positions throughout the cell cycle, co-localizing with the nucleoid, division 
septum, DnaA foci, and Spo0J foci. The localization of ParA in a ∆parB context dramatically 
changes and forms patches over the nucleoid, indicating that ParA interactions with other cellular 
proteins is dependent on its interactions with ParB (Scholefield et al., 2011). It was also suggested 
that the sporulation-phenotype resulting from a ∆parB context, was a result of ParA sporulation 
inhibition (Ireton et al., 1994). In fact, ParA was found to function as a DNA replication activator 
through interactions with the replication initiator protein DnaA (Scholefield et al., 2011, 2012). 
The sporulation inhibition phenotype associated with ParA in a ∆parB context was actually due to 
an indirect effect of the DNA replication checkpoint protein, Sda (Murray and Errington, 2008), 
that blocks sporulation in response to altered DNA replication initiations (Burkholder et al., 2001). 
The initiation of replication was found to be positively regulated by interactions of ParA with DnaA 
(Scholefield et al., 2011). The dimer form of ParA interacts with DnaA at oriC stimulating DnaA 
oligomerization, while the monomeric form of ParA inhibits DnaA oligomerization at oriC 
(Scholefield et al., 2012). The switch of ParA from dimeric to monomeric form is dictated by the 
ATPase activity stimulated by ParB (50-fold) and occurs when the ParA homodimer seperates  
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following ATP hydrolysis (Scholefield et al., 2011). The induction of monomerization by ParB 
appears to function as a titrating mechanism of ParA dimers to limit the initiation of replication.  
In addition to ParA’s interaction with DnaA, analysis of the origin domain using Hi-C and ChIP-seq 
assays revealed that a parS site and two DnaA binding sites are located within an intra-arm hairpin 
structure that may function to increase the spatial proximity of these loci to oriC, and regulate 
replication initiation (Marbouty et al., 2015). The partition system of B. subitilis, appears to have 
evolved as a component in the critical process of DNA replication initiation through the combined 
interactions of the partition system and DnaA.  
 
1.3.3b-Vibrio cholerae 
In addition to their role as transcriptional regulators (Baek et al., 2014), the partition 
proteins of V. cholerae also exhibit involvement in the initiation of DNA replication (Kadoya et al., 
2011). Interestingly, partition systems of both chromosomes of V. cholerae display separate 
involvement in the initiation of DNA replication for their specific chromosome (see section 
1.3.5a)(Kadoya et al., 2011; Venkova-Canova et al., 2013). This section will focus on the 
chromosomal Ia partition system of chromosome-1.  The involvement of the chromosome-1 
partition proteins in DNA replication initiation resembles the mechanism as previously described 
for B. subtilis (Scholefield et al., 2011). As in B. subtilis, the deletion of V. cholerae’s parB displays 
ParA mediated DNA replication over-initiation, suggesting that ParA mediates replication in a 
similar ParB dependent way (Kadoya et al., 2011). In addition, bacterial two hybrid assays 
suggested that DnaA and ParA interact, and that ParA replication initiation is ATP dependent 
(Kadoya et al., 2011). Interestingly, bacterial two hybrid assays also revealed a possible interaction 
between DnaA and ParB, however the mechanism as to how they interact and in what way ParB 
could affect DNA replication through this interaction is unknown (Kadoya et al., 2011). More 
information is available for the mechanism of ParA mediated DNA replication of B. subtilis than 
V. cholerae, however the current evidence suggests that ParA interacts in a similar manner.  It is 
also interesting to note that the partition systems of both B. subtilis and V. cholerae, have evolved 
specific roles in DNA replication yet are neither partition systems are essential for chromosomal 
segregation in laboratory.  
parS+
parS*
DnaA binding sitesParB binding site ParB binding site
actcatcggcgtttcacgtgaaacacccccaccgcagctgtgagcggcctgtggacaatattggggatgttccacgtgaaacatcacttg
Actcatcggcgtttcacgtgaaacacccccaccgcagctgtgagcggccacgggtcgctattggggatgttccacgtgaaacatcacttg
Figure 23: DNA Replication – DnaA binds directly in the C. crescentus centromere.
A) (Top) Schematic representation of the C. crescentus partition cassette. Slanted parallel lines indicate a break
in the continuity of the DNA strand with the distance omitted underneath in grey. (Bottom) Sequence of wild-
type parS (parS+) and a site directed mutagenized parS+ (parS*). Asterisks represent specific nucleotide
changes made on parS to generate parS*.
B) i) ChIP-qPCR of DnaA. In order to normalize the data, three chromosomal regions were probed in wild-type
cells: ori, which was used to normalize the data, ter, which was used as a negative control, and parS+. The data
is presented as ratios of DNA fold enrichment of parS+ or ter levels relative to ori. ii) In vitro DNaseI footprinting
of DNA probes containing parS (parS+) or the mutagenized parS sequence (parS*). Probes were incubated with
purified native DnaA at 0, 250, and 750 nM and subjected to DNaseI digestion. The dashed boxes represent the
DnaA binding site
(Extracted from Mera et al., 2014)
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1.3.3c-Caulobacter crescentus 
In the case of C. crescentus, it is in fact parS itself that interacts with DnaA, coordinating 
DNA replication with the onset of chromosome segregation (Mera et al., 2014).  As in most 
bacteria, both parS and dnaA occupy the genomic regions surrounding oriC. A 100-bp parS site 
containing two 16-bp ParB binding sites are located 8-kb from ori (Fig. 23 A)(Livny et al., 2007; 
Toro et al., 2008). ChIP-qPCR and in vitro DnaAse footprinting assays revealed that in addition to 
its DNA-binding activity at ori, DnaA was also found to bind three sites located within the 100-bp 
parS site (Fig. 23 B i-ii)(Mera et al., 2014). Binding of DnaA within the parS site revealed a higher 
affinity than its specific binding sites within ori. A mutation of one of the three binding sites shown 
to have a high-affinity for DnaA within parS resulted in a chromosome segregation deficient 
phenotype as observed through epifluorescence microscopy (Mera et al., 2014). Interestingly, 
depletion strains with subphysiological levels of DnaA that were incapable of initiating replication 
showed the capability to translocate a singular ParB/parS foci indicating that DnaA’s involvement 
in segregation is independent of the initiation of replication (Mera et al., 2014). This translocation 
of the partition complex was found to occur in an ATP-dependent manner, as is needed for the 
initiation of replication (Mera et al., 2014). This suggests that DnaA in fact holds two separate 
functions, both in ATP dependent manners, to initiate DNA replication as well as to initiate 
chromosome segregation through its interaction with parS in C. crescentus.  
 
1.3.4-Chromosome organization  
All living organisms are faced with the difficult task of fitting their genome within cells 
thousands of times smaller than the actual length of their genomic DNA. The elucidation that 
eukaryotic chromosomes are highly compacted into chromatid structures through the use of 
cohesin and histone proteins, gave insight into how four meters of DNA can be packed into each 
human somatic cell. Historically, electron microscopy images led to the belief that the bacterial 
chromosome was not highly structured or organized (Ryter and Landman, 1964). However, it was 
later discovered that bacterial chromosomes are also compacted by specialized proteins into a 
condensed nucleoid form, which occurs in a way that maintains its functionality while not 
interfering with essential processes, such as DNA segregation, replication, gene transcription, etc.  
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In bacteria, this is accomplished through the coordination of dedicated proteins tasked to 
functionally structure chromosomes, called nucleoid associated proteins (NAPs) (Dame and Tark-
Dame, 2016). Notably, advancements have been made on the understanding of the mechanism 
employed by the bacterial condensin complex composed of three essential elements; the 
structural maintenance of chromosome protein (SMC/MukB) homodimer, a kleisin (ScpA/MukE), 
and an accessory protein (ScpB/MukF) (Graumann and Knust, 2009). The intracellular localization 
of SMC-complex as seen through epifluorescence microscopy shows that they form discrete foci 
near ori (Danilova et al., 2007; Minnen et al., 2011). In bacteria, DNA replication occurs 
concomitantly with chromosome segregation, and the SMC complex functions in the earliest 
steps of chromosome replication and segregation to compact and individualize sister origins 
(Gruber et al., 2014; Wang et al., 2014). This section will focus on the known interactions of the 
SMC complex with the partition systems of B. subtilis, C. crescentus, and S. pneumoniae, and how 
their interactions functions to structure the region surrounding ori and properly segregate 
chromosomes.  
 
1.3.4a-Bacillus subtilis 
In the case of B. subtilis, ParB is known to bind specifically at eight ori-proximal parS sites 
and spread over 18-kb of centromere-flanking DNA (Breier and Grossman, 2007; Graham et al., 
2014).  Contrary to other systems, the spreading activity of ParB does not appear to have the 
same function of regulating the expression of genes surrounding parS sites (Breier and Grossman, 
2007), but rather functions to recruit SMC-complexes to the ori region (Gruber and Errington, 
2009; Sullivan et al., 2009). ChIP-seq and epifluorescence microscopy revealed that B. subtilis ParB 
spreading deficient mutants (R79A, R80A), showed abnormal nucleoid morphology and an 
inability to recruit SMC (Graham et al., 2014). The inactivation or reduction of SMC-complexes 
recruited by ParB to parS leads to a lethal phenotype with unresolved origins and defects in 
chromosome segregation (Wang et al., 2014). 
While the exact mechanism of how ParB recruits SMC-complexes is unknown, advances in 
experimental techniques based on chromosome conformation capture (3C, Hi-C) have helped in 
the understanding of how SMC and the partition complex work together to resolve and segregate  
Figure 24: Chromosome organization - DNA juxtaposition propagates from condensin's
loading site at parS in B. subtilis
(A-B) Normalized Hi-C contact maps displaying the contact frequencies with a 10-kb binning. The contact maps
are represented with genome positions as degrees and are oriented to have the replication origin at the maps
center. The strain contains an IPTG-inducible gfp-parB fusion gene and a single parS site located at -1° (dashed
black line). Contact maps show cells A) prior to and B) following induction with IPTG. The blue dashed line
represents the leading edge of the juxtaposed DNA. C) Western immunoblot analysis showing GFP-ParB levels
from samples of A and B over the same timescale, as well as the levels of SMC complexes (SMC, ScpA, ScpB). D)
ChIP-seq performed using anti-SMC antibodies under the same condition as in A and B. The data is represented
as a ratio of ChIP enrichment in reference to the input sample. E) Schematic representation of the SMC “zip-up”
hypothesis with SMC-mediated progressive juxtaposition enlarging a DNA loop centered on parS (Extracted
from Wang et al., 2017).
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sister origins (Marbouty et al., 2015; Wang et al., 2015, 2017).  DNA contact maps obtained from 
Hi-C experiments showed that within the origin domain of B. subtilis, multiple intra-arm hairpin 
structures linked the left and right replichores, which contained the genomic loci of several parS 
sites at the tips (Marbouty et al., 2015). Coupled with the enrichments of ParB and SMC-
complexes at these sites, it suggests the these complexes participate in the formation of long-
range contacts and specific structuration of the origin domain (Marbouty et al., 2015). Hi-C data 
revealed that these long-range interactions were found to be dependent on the interactions of 
ParB-parS and their ability to recruit SMC-complexes to these locations (Wang et al., 2015). In 
addition, the displacement of parS sites resulted in the displacement of the inter-arm interactions 
(Wang et al., 2015). Time-lapse Hi-C experiments where samples were taken at four different time 
points (0, 15, 20, and 25-min) using an inducible ParB gene, revealed that the juxtapositioning of 
chromosomal arms was absent prior to ParB induction, but became visible upon induction (Fig. 
24) (Wang et al., 2017).  The inter-arm interactions were initiated at parS sites and progressed in 
distance as the time of induction increased (Fig. 24 A-B) (Wang et al., 2017). This data coupled 
with time-lapse ChIP-seq containing data points taken at the same time intervals as the Hi-C 
experiment showed that the juxtapositioning also correlated with the increased enrichment of 
SMC-complexes along the DNA (Fig. 24 D)(Wang et al., 2017). This enrichment of SMC was seen 
over 650-kb of centromere-flanking DNA (Wang et al., 2015), much farther than the 18-kb ParB 
was previously found to enrich (Graham et al., 2014). The ensemble of these results led to the 
“zip-up” hypothesis that suggests that the juxtapositioning of chromosomal arms occurs by the 
loading SMC-complexes by ParB at parS, which are then translocated along the DNA (Fig. 24 
E)(Wang et al., 2015, 2017).  
 
1.3.4b-Caulobacter crescentus 
 In addition to its involvement in cell division and DNA replication (see sections 1.3.2a.1, 
1.3.3c), the partition system of C. crescentus also participates in chromosome organization via its 
interaction with SMC (Tran et al., 2017). As in B. subtilis, SMC was shown to significantly 
contribute to chromosome arm cohesion in swarmer cells (Le et al., 2013). However, upon the 
depletion of ParB, Hi-C analysis revealed a clear reduction in inter-arm contacts that could be  
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reversed upon the induction of ParB expression (Tran et al., 2017). Also, evidence that the 
addition of an ectopic parS site introduced a new secondary diagonal in the Hi-C contact map 
suggests new inter-arm interactions resulting from SMC loading at the displaced genomic location 
(Tran et al., 2017). While no direct evidence has been found that ParB of C. crescentus directly 
interacts with SMC, this combined Hi-C data gives strong evidence in support of a role of ParB as 
an SMC loader at parS, similar to that of B. subtilis.  
 
1.3.4c-Streptococcus pneumoniae 
In contrast to the numerous investigations of B. subtilis, SMC-complexes in S. pneumoniae 
have been less extensively studied. As previously mentioned, S. pneumoniae contains a partial 
partition system that lacks ParA, and contains four parS sites in the ori proximal region (Minnen 
et al., 2011). Contrary to B. subtilis, neither ∆parB nor ∆smc contexts produce lethal phenotypes 
in S. pneumoniae, with near wild-type levels of anucleate cell and approximately 2% anucleate 
cells, respectively (Minnen et al., 2011). However, time-lapse epifluorescence microscopy reveals 
that in a ∆smc context, approximately 13% of cells showed defects in chromosome segregation 
that result in the guillotining of unresolved chromosomes and daughter cells containing unequal 
amounts of DNA (Kjos and Veening, 2014). In addition, about 6% of cells contained less than two 
ParB foci, suggesting that newly replicated origins were not individualized or segregated (Kjos and 
Veening, 2014). ChIP-qPCR shows that SMC is enriched over about 50-kb of ori region DNA that 
includes three of the four parS sites (Minnen et al., 2011). This SMC enrichment is not observed 
in a ∆parB context, suggesting it is ParB that recruits SMC to parS sites (Minnen et al., 2011). 
Epifluorescence microscopy also shows that SMC-complexes form foci in vivo and that the 
deletion of parB eliminates these foci, suggesting that ParB maintains SMC positioning (Minnen 
et al., 2011). The partition system of S. pneumoniae may have lost its ParA element along its 
evolutionary road, however, ParB seems to have maintained not only its gene regulation function, 
as discussed in section 1.3.1c, but has also conserved its recruitment of SMC-complexes.  As 
bacteria lack clearly defined cell cycles that separate DNA replication and segregation into their 
own time-frame, it appears that some bacteria have evolved to ensure that the initial segregation  
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Figure 25: Plasmid systems – ParBV.c2 competes with RctB for replication inhibitor sites in V.
cholerae chromosome-2
A) Schematic representation of V. cholerae’s chromosome-2. Locations of the nine parSV.c2 sites ParB is known
to bind are indicated by the green dashes, and the location of ori2 is indicated by a red star.
B) ChIP-chip analysis using antbodies against ParBV.c2 (grey line) or Rctb (black line). The dashed grey line
indicates the average ParBV.c2 binding over the whole genome. The binding profile of ParBV.c2 shows spreading
from the parS sites over the replication inhibitory sites. RctB binding enrichment however, was restricted to
RctB specific binding sites (Extracted from Venkova-Canova et al., 2013).
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of replication origins occurs in an organized and directed manner involving partition systems and 
SMC-complexes.  
 
1.3.5-Plasmid systems 
 Chromosomal partition systems from the subclass type Ia are frequently involved in ‘extra-
partition’ activities. In contrast, type Ia extrachromosomal partition systems rarely have roles 
outside of replicon segregation. This section will focus on two cases, where plasmid partition 
systems has evolved to regulate both partition and DNA replication initiation.  
 
1.3.5a-Vibrio cholera – chromosome 2 
As previously mentioned, the genome of V. cholerae contains two circular chromosomes 
(Heidelberg et al., 2000). The larger of the two chromosomes, chromosome-1 (chr-1; ~2.96-Mb), 
contains all of the essential genes necessary for the organisms survival and contains a 
chromosomal Ia partition system (Fogel and Waldor, 2005). The smaller chromosome-2 (chr-2; 
~1-Mb), contains an extrachromosomal type Ia partition system and is believed to have originated 
from a megaplasmid that was acquired by an ancestral Vibrio species (Fogel and Waldor, 2005; 
Heidelberg et al., 2000). Chromosome-2 contains ten parSV.c2 sites (parS2 A-I), nine of which 
ParBV.c2 was shown to form foci upon binding (Fig. 25 A) (Yamaichi et al., 2007). The initiation of 
replication of both chromosomes are coordinated to terminate at the same time, with the 
initiation of the smaller chr-2 replication slightly delayed in relation to chr-1 (Rasmussen et al., 
2007; Val et al., 2016). Like chr-1, chr-2 replicates once per cell cycle, regardless of that fact that 
its origin of replication is that of plasmid ancestry, ori2, which are known to be able to initiate 
replication independently of the cell cycle (Duigou et al., 2006).  
The protein RctB, initiates chr-2 replication by binding to ori2 (Duigou et al., 2006; Pal et 
al., 2005), as well as specific binding sites that function either as initiators or inhibitors of DNA 
replication (Baek and Chattoraj, 2014). One of the replication inhibitor sites, is contained within 
the locus rctA, which includes the parS2-BV.c2 site of chr-2 (Yamaichi et al., 2007).  ChIP-chip 
analysis revealed that ParBV.c2 spreads from parS2-BV.c2 into the rctA replication inhibitor site,  
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possibly outcompeting RctB for binding (Fig. 25B)(Venkova-Canova et al., 2013), as alleviation of 
rctA replication inhibitory activities was found to occur in a parS2-BV.c2 dependent manner 
(Yamaichi et al., 2011). By ParBV.c2 outcompeting RctB for binding at these replication inhibitor 
sites, it allows the available RctB to bind to replication initiator sites instead. Deletion of the 
parS2-BV.c2 site resulted in a reduction of initiation of replication, while the deletion of the rctA 
site resulted in an over-replication phenotype (Yamaichi et al., 2011). Without the presence of 
parS2-BV.c2, RctB proteins were titrated from replication initiation sites, by binding to inhibitor 
sites, resulting in a decrease of replication initiation. Interestingly, gene expression analysis using 
a PparAB2-lacZ fusion revealed that RctB binding to rctA increased promoter activity of the parABV.c2 
operon (Yamaichi et al., 2011). RctB binding to rctA thus initially results in an inhibition of 
replication while at the same time promoting the expression of ParBV.c2 that ultimately 
counteracts the replication inhibition activity. Once expressed, ParBV.c2 then also plays a role in 
the autorepression of the parABV.c2 operon, suggesting that both RctB and ParBV.c2 play important 
roles in regulating protein levels for segregation and replication (Yamaichi et al., 2011). The 
mechanism as to how ParBV.c2 and RctB work together to regulate the initiation of replication for 
chr-2 has not yet been elucidated, and no evidence has been found that ParBV.c2 and RctB interact 
in vitro or in vivo. However, it is certain that like its neighbour chr-1, the partition system of chr-
2 plays a vital role in the initiation of replication possibly through a mechanism of taking the place 
of the initiator protein at replication inhibitor sites, allowing replication initiation to occur. 
 
1.3.5b-RepABC plasmids 
The next example of a plasmid controlling its replication initiation via its partition system 
diverges from the previously described ParABS partition systems. A partition and replication 
cassette named RepABC contains three genes, and is found only to exist on plasmids of 
alphaproteobacteria (Pinto et al., 2012). While much work has been done to study this system, 
less is known about it than the three types of partition systems previously described. The first 
protein RepA, encodes an ATPase that resembles the type I ParA. In addition, similar to the ParA 
of plasmid prophage P1, RepA binds to the RepABC operator through its helix-loop-helix DNA 
binding domain in an ATP dependent manner (Dunham et al., 2009). The second protein RepB,  
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resembles that of the ParB protein family and binds highly conserved 16-bp palindromic 
sequences located within a gene that spans the gap between repA and repB, whose function is to 
ensure the expression of downstream genes (Chai and Winans, 2005; MacLellan et al., 2006). Both 
RepA and RepB appear to play a role in plasmid partition, as deletions or mutations of either 
genes drastically decreases plasmid stability.  The third protein, RepC, is responsible for initiating 
plasmid replication and seemingly has no homology to any replication initiator protein (Tabata et 
al., 1989). Plasmids that contain the RepABC cassette do not contain dnaA, however, DnaA boxes 
flank the origin of replication. RepC initiates replication by binding to an AT-rich region that 
possibly recruits DnaA, which may serve to help recruit the necessary helicases. Contrary to 
partition systems, the only element that displays an incompatibility with itself is RepC, which 
shows extensive exchange between heterologous cassettes. In an unprecedented and puzzling 
case, RepA and RepB show a high degree of divergence and are able to coexist with as many as 
eight other RepABC cassettes in the same cell (Pinto et al., 2012). The RepABC cassette is 
widespread throughout alphaproteobacteria, and an interesting example of how a partition and 
DNA replication system merged to form one well-oiled fully functional machine to ensure plasmid 
inheritance. 
 
1.4-Scope of this thesis 
 The aim of my thesis work was to gain insight into the mechanisms of type I partition 
systems by molecularly characterizing the architecture of the ParB-parS partition complex. To 
accomplish this, I employed in vivo approaches such as chromatin immunoprecipitation followed 
by high-throughput sequencing (ChIP-seq) and epifluorescence microscopy, complimented with 
a collaboration with theoretical physicists who employed physico-mathematical modelling. The 
research completed in this thesis was done in collaboration between the Laboratoire de 
Microbiologie et Génétique Moléculaires (LMGM) and the Laboratoire d'Ingénierie des Systèmes 
Biologiques et des Procédés (LISBP) at the Université Toulouse III - Paul Sabatier. The phyisco-
mathematical modeling simulations presented in this manuscript were performed by a team of 
physicists headed by Andrea Parmeggiani from the Laboratoire Charles Coulomb (L2C) at the 
Université de Montpellier.  
 100 
  
  
 101 
 A brief summary of the content of this thesis is presented below:  
1. In chapter 2, I present our published work on centromere-based incompatibility. We validated 
that a high excess of parS effectively titrates ParB, resulting in a random plasmid loss. We also 
proposed that the higher than random plasmid loss seen with a low excess of parS is due to 
late replication events that interfere with the random positioning of replicons. This work 
served to validate a method necessary to investigate partition complex formation in low levels 
of ParB. 
2. In chapter 3, I present the published protocol of high-resolution ChIP-seq employed in this 
manuscript, followed by supplementary technical considerations not included in the 
published version.  
3. In chapter 4, I employ ChIP-seq and epifluorescence microscopy to explore the mechanisms 
of ParB-parS partition complex formation. The correlation of in vivo ChIP-seq data to physico-
mathematical modeling reveals that partition complex assembly is conserved on bacterial 
chromosomes and plasmids.  
4. In chapter 5, I summarize my thesis and provide a general discussion of my work. I also address 
future investigations that may answer certain key questions that remain from this project and 
the field of bacterial DNA segregation.  
5. In annex I, I introduce a series of experimental optimizations performed in collaboration with 
the Koszul group at the Insitut Pasteur in Paris to explore a technique combining the 3-D 
insight of chromosomal architecture gained through chromosome conformation capture (3C), 
coupled with chromatin immunoprecipitation (3C-ChIP). This method would be useful in 
probing the localization and dynamic interactions of the partition complex in relation to the 
bacterial nucleoid.  
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Chapter 2: Probing the mechanisms of 
centromere-based incompatibilities 
Then your courage should appear, 
For if you will persevere, 
You will conquer, never fear 
Try, try again…   
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2.1-Introduction  
 The partition system encoded on low-copy number plasmids and bacterial chromosomes, 
relies on the specific interactions of each partition element to guarantee the faithful inheritance 
of their replicon. This specificity ensures that the partition elements do not act on other replicons 
in its presence as it is frequently the case that a bacterial cell contains multiple extrachromosomal 
elements that also contain active partition systems, such as plasmids (F plasmid), phages (P1, 
N15), or even secondary chromosomes (V. cholerae, B. cenocepacia). In this situation, it is the 
evolved genome specificity of each partition system to recognize their cognate replicon that 
ensures its proper partitioning. Investigations into replicons that were unable to stably coexist 
within the same cell revealed a phenomenon termed “incompatibility” that resulted in the 
decrease of replicon inheritance due to the mutual exclusion of heterologous plasmids as a result 
of the cross-talk between partition systems (Bouet et al., 2007b; Novick, 1987). The presence of 
extra partition elements results in a disturbance in the functionality of the partition system, which 
are highly dependent on the regulation of intracellular levels of partition components.  
In the case of the plasmid F, all three elements of the partition system exert their own 
form of incompability: ParA, termed IncI (Lemonnier et al., 2000), ParB, termed IncG (Bouet et al., 
2006; Kusukawa et al., 1987), and parS, termed IncD (Bouet et al., 2005; Gardner et al., 1982). 
Centromere-based incompatibility, IncD, was of particular interest to us and we set forth to 
discriminate between the three main hypotheses proposed to explain the incompatibility caused 
by the presence of excess centromere. In order to accomplish this, we investigated the 
incompatibility exerted by a range of centromere excess by introducing vectors carrying the parS 
sequence at ~1-50 copies per chromosome. We visualized the effects on plasmid F partition 
through dual-labeling epifluorescence microscopy, which allowed us to directly quantify changes 
to plasmid positioning and stability. This work resulted in the validation of two centromere-based 
incompatibility hypotheses, the random positioning and titration models, which we found to 
occur in the conditions of low-copy and high-copy number parS excess, respectively (Bouet et al., 
2005; Ebersbach et al., 2005; Yates et al., 1999).  
In the scope of my thesis project, we wished to exploit centromere-based incompatibility 
using the basis of the titration hypothesis as a tool to probe the mechanism of partition complex  
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assembly. In order to distinguish between the different mechanisms of partition complex 
assembly, we wanted to vary the intracellular levels of ParB and probe the changes to the ParB 
binding profile using ChIP-seq. In order to reduce the availability of ParB for partition complex 
formation, we planned to titrate ParB through its strong and specific interactions with its cognate 
parS site. Our investigations using dual-labeling epifluorescence microscopy method revealed 
that the use of high-copy number vectors is a robust method to reduce the availability of ParB for 
partition complex formation.  
This work served to validate the “random positioning” and “titration” models and revealed 
that centromere-based incompatibility functioned differently based on the copy number of parS 
carrying vectors. In addition, we were able to validate the use of parS vectors to titrate ParB, 
which served as useful tool for the investigations of partition complex formation at low ParB 
concentrations. The following article published in the journal Plasmid, presents the ensemble of 
the results obtained. 
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A B S T R A C T
In bacteria, low-copy number plasmids are faithfully segregated at cell division by active
partition systems that rely on plasmid-speciﬁc centromere sequences. When an identical
centromere is present on a second plasmid, faithful partition is impaired causing plasmid
loss. Depending on the copy number of the co-resident replicon, several mechanisms have
been proposed to account for this centromere-based plasmid incompatibility. To gain further
insights into these mechanisms, we analyzed the positioning of the F plasmid in the pres-
ence of incompatible low- and high-copy number plasmids carrying the F centromere. Our
data are fully compatible with the titration hypothesis when extra-centromeres are present
on high-copy number plasmids. Interestingly, our plasmids’ localization data revealed that
the strong incompatibility phenotype, observed when extra centromeres are present on a
partition defective low-copy number plasmid, does not directly result from a partition de-
ﬁciency as previously proposed. We provide a new and simple hypothesis for explaining
the strong incompatibility phenotype based on the timing of replication of low-copy number
plasmids.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The survival of low-copy number plasmids in bacteria
relies on faithful inheritance to daughter cells (Fig. 1A). This
is mainly ensured by ﬁnely tuned replication and partition
mechanisms (Bouet et al., 2014; del Solar et al., 1998). In
the event that plasmids residing within the same bacteria
share functional equivalents of either their replication or par-
tition machinery, eﬃciency of inheritance drastically
decreases. This phenomenon, termed plasmid incompati-
bility, has been studied for years to gain insight into the inner
workingsof theseplasmidmaintenancemechanisms (Novick,
1987).
Faithful partition of DNA is ensured by simplistic parti-
tion systems that are classiﬁed into threemain types; types
I, II and III (reviewed in Salje, 2010). Type I partition systems
are themostwidespread throughout low-copynumber plas-
mids andare theonly typepresentonbacterial chromosomes.
Type I systems are generically termed ParABS, encoding a
Walker-box ATPase, ParA, a DNA binding protein, ParB, and
a centromeric sequence, parS. A nucleoprotein structure
termed the partition complex is formed by the speciﬁc
binding of ParB to parS. ParA is involved in both the sepa-
ration of duplicated partition complexes and their proper
positioningwithin cells (reviewed in Bouet et al., 2014). The
dynamic reactions of the partition components that coop-
eratively ensure plasmid inheritance have yet to be fully
understood (Vecchiarelli et al., 2012).
The F plasmid encodes a type I partition locus, sopABC
(Ogura and Hiraga, 1983). Three forms of partition-based
incompatibility, corresponding to each of the three Sop com-
ponents, have been described (reviewed in Bouet et al.,
* Corresponding author. LMGM, CNRS, Université Paul Sabatier, Bât. IBCG,
118 route de Narbonne, 31062 Toulouse Cedex 9, France. Fax: +33 561 335
886.
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2007). SopA incompatibility, termed IncI, results from an
excess of the ATPase that disrupts the organization of the
partition complex (Lemonnier et al., 2000). IncG incompat-
ibility is mediated by the centromere binding protein. An
excess of SopB initiates a DNA repair pathway involving ho-
mologous recombination and results in the formation of
plasmid dimers that, if unresolved, reduce the number of
individual F copies to be segregated (Bouet et al., 2006;
Kusukawa et al., 1987).
The centromeric sequence sopC also exerts incompati-
bility, termed IncD, when present on a co-resident, but
otherwise compatible plasmid (illustrated in Fig. 1B). Pre-
vious analyses have shown that the level of incompatibility
is mainly correlated with the copy-number of the co-
resident plasmid (Bouet et al., 2005). F plasmid loss rate rises
to that seen with a deﬁcient partition system when in the
presence of high-copy number sopC-carrying plasmids. In
contrast, plasmid incompatibility seen with low-copy
number plasmids carrying sopC does not induce a uniform
effect on plasmid loss. For instance, the presence of sopC on
a partition defective low-copy number plasmid provokes a
higher-than-random loss of the F plasmid (‘strong IncD’ phe-
notype), while the same plasmid eﬃcient in partition
induces a relatively low loss rate (Bouet et al., 2005). The
exact mechanism by which sopC imposes incompatibility
is not fully understood, and threemain hypotheses have been
proposed (Bouet et al., 2007; Ebersbach et al., 2005). One
assumes that plasmid replicons are randomly paired by their
centromeres for successive partition. Regardless if the pair
formed is homologous or heterologous (mixed pair), par-
tition continues as normal, resulting in a random loss rate
of plasmids (Austin and Nordstrom, 1990; Bouet et al., 2005).
A contradictory view suggests that incompatible plasmids
randomly position themselves in avoidance of a co-resident
plasmid containing the same partition complex (Ebersbach
et al., 2005). A third hypothesis proposes that a competi-
tion arises for centromere binding proteins in the presence
of a large excess of centromeres, which would inhibit the
assembly of a functional partition complex on the F plasmid
(Bouet et al., 2005).
Here we aimed to clarify the differences between
centromere-based incompatibilities by directly imaging the
intracellular positioning of the F plasmid. By using dual ﬂu-
orescent labeling of the mini-F in the presence of co-
resident plasmids carrying the F centromere, we were able
to visualize and distinguish the effects of sopC exerted in-
compatibility with plasmids whose copy numbers ranged
from 1.6 to ~50 per chromosome. We conﬁrmed that the
titration of centromere binding proteinsmediates IncDwhen
extra centromeres are present on high-copy number plas-
mids. In the case of low-copy number co-resident plasmids
carrying sopC, we clearly showed that Sop-mediated par-
tition is fully functional as positioning is not impaired, even
for the strong IncD phenotype. Our observations allow us
to suggest a new hypothesis accounting for the strong in-
compatibility phenotype based on the timing of replication
of low-copy number plasmids.
2. Materials and methods
2.1. Escherichia coli strains and growth conditions
All strains are derivatives of E.coli K-12 W1485, and are
listed in Table 1. Normal growth cultures were grown at 37 °C
in LB with aeration. Cultures for ﬂuorescence microscopy
experiments were grown at 30 °C in M9-glycerol (M9
minimal media supplemented with 0.4% glycerol, 0.2%
casamino acids, 0.04mgml−1 thymine, 0.2 mgml−1 leucine).
For selective bacterial growth, the following concentra-
tions of antibiotics were used (μg ml−1): chloramphenicol
(Cm, 10), spectinomycin (Sp, 20), and ampicillin (Ap, 20
and Ap, 100 for low- and high-copy number plasmids,
respectively).
2.2. Plasmid constructions
The plasmids used in this study are listed in Table 1. PCR
reactions were performed using PrimesSTARMax (Clontech)
and plasmid constructions were completed using the In-
Fusion HD Cloning System (Clontech). The mini-F, pJYB234,
A BPar-mediated
inheritance
Centromere-based incompatibility
Fig. 1. Partition-mediated incompatibility interferes with faithful inheritance of plasmids. For simplicity, in each case it is assumed that newborn cells
contained a single copy of each low-copy number plasmid. (A) Low-copy number plasmids (red circles) rely on plasmid-encoded partition systems to ensure
their faithful inheritance to daughter cells (blue oblongs). Type I partition systems are composed of three elements: two genes, parA and parB encoding
for a Walker ATPase and a centromere-binding protein, respectively, and a cis-acting centromere site, parS. (B) Proposed mechanisms for centromere-
based incompatibility depend on plasmid copy-number. (Left) For low-copy number plasmids carrying identical centromere sequences (red and green
circles), random positioning of pure plasmid clusters leads to mutual exclusion of the two distinct plasmids in a fraction of the population. (Right) For
high-copy number plasmids (green circles), titration of the ParB centromere-binding protein from the low-copy number plasmid (red circles) results in
the inability to form a fully functional partition complex, which leads to ineffective segregation and its loss in the growing population.
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was modiﬁed from pJYB214 (Sanchez et al., 2013), a
pDAG114 derivative expressing sopB-Venus, by introduc-
ing the monomeric A207K mutation in the venus-Yfp gene
(J. Rech and J.Y. Bouet, unpublished). pJYB273 was con-
structed from pJYB234 by digestion with BsiWII for the
insertion of parSpMT1 andwith SalI for the insertion of a 3.5 kb
PCR fragment ampliﬁed from the lacZ gene. Plasmid pJYB272,
producing ParBpMT1-mTurquoise2 (ParBpMT1-mTq2) under the
control of the lac promoter, was constructed using pAM238
(Bouet et al., 1996) digested by BamHI and HindIII and PCR
fragments of mTurquoise2 (Goedhart et al., 2012) and
parBpMT1. Spectinomycine resistance (aad) in pJYB272 was
replaced by ampicillin resistance (bla) to create pJYB285. Full
descriptions of plasmids are available upon request.
2.3. Epiﬂuorescence microscopy and analysis
Overnight cultureswere inoculated into freshmediawith
0, 0.3 or 3 μM IPTG and Cm 10, and allowed to grow until
an OD600 of approximately 0.3–0.4, with an average gener-
ation time of ~100 minutes. Cells were deposited directly
using 0.7 μl of culture onto slides coated with a 1% agarose
buffered in M9 solution. Samples were visualized at 30 °C
using an Eclipse TI-E/B wide ﬁeld epiﬂuorescence micro-
scope. Snapshotswere takenusing a phase contrast objective
(CFI Plan Fluor DLL 100X oil NA1.3)with Semrock ﬁlters sets
for YFP (Ex: 500BP24; DM: 520; Em: 542BP27) and Cy3
(Ex: 531BP40; DM: 562; Em: 593BP40), with a range of 0.5
to 1.5 seconds of exposure time. Nis-Elements AR software
(Nikon)was used for image capture and editing. Image anal-
ysiswasdoneusing theMATLAB-basedopen-source software
MicrobeTracker, and the SpotFinderZ tool (Sliusarenko et al.,
2011). The cells without foci were not taken into account
when calculating the number of foci per cell.
2.4. Western immunoblotting
The intracellular levels of SopA and SopB were mea-
sured from crude cell extracts using the SDS-PAGE system
of Invitrogen NuPage Novex Bis Tris Gels (LifeTechnologies),
followed by electrotransfer to nitrocellulose membranes
according to themanufacturer’s recommendations (IBlot gel,
Invitrogen). Immunodetectionwas performed using ECL sub-
strate (Bio-Rad Clarity) with anti-sera (Eurogentec) raised
against puriﬁed SopA and SopB proteins and aﬃnity-
puriﬁed using membrane-immobilized samples of these
proteins.
3. Results and discussion
3.1. Colocalization of the mini-F and SopB clusters
To directly observe the subcellular effects of centromere-
based incompatibility onmini-F positioning, we constructed
a mini-F encoding sopB-mVenus and carrying the parS se-
quence of pMT1 (parSpMT1). This plasmid, pJYB273, was fully
stable with a loss rate per generation < 0.1% (data not shown).
The expression of ParBpMT1-mTurquoise2 (ParBpMT1-mTq2)
from an IPTG-inducible promoter on a compatible vector
(pJYB272) allowed for the visualization of the mini-F po-
sitioning through the binding of ParBpMT1-mTq2 to the
parSpMT1 on pJYB273 (Fig. 2A; right panels). Foci of ParBpMT1-
mTq2 were not present in the absence of parSpMT1 (data not
shown). In addition to ParBpMT1-mTq2 (blue), SopB-mVenus
(yellow) ﬂuorescence was imaged and intense ﬂuorescent
foci were also detected (Fig. 2A; middle panels). In the vast
majority of cells, the blue and yellow foci appeared co-
localized (Fig. 2A; left panels), indicating that SopB clusters
assembled only on the sopC sequence of pJYB273, as ex-
pected. This setup therefore allows a dual labeling of the
mini-F intracellular localization.
Using MicrobeTracker (Sliusarenko et al., 2011), we au-
tomatically analyzed several hundred of DLT3165 cells for
foci positioning. In the slow growth condition used for mi-
croscopy experiments (doubling time ~100 minutes), the
average number of yellow- and blue-foci per cell were iden-
tical at 2.3, in over 799 cells. The localization patterns for
ParBpMT1-mTq2 and SopB-mVenus foci were also similar. In
cells displaying a single focus, foci are localized aroundmid-
cell (Fig. 2B; left panel), with ~82.5% and 84.3% of the blue-
and yellow-foci, respectively, localized between 0.35 and 0.5
of the cell length (Fig. 2B; right panel). Two foci-cells
Table 1
E. coli strains and plasmids.
Strains Genotype/relevant properties Source/References
DLT1215 F−, thi, leu, thyA, deoB, supE, Δ(ara-leu)7696, zac3051::Tn10, rpsL Bouet et al. (2005)
DLT3165 DLT1215/pJYB272/pJYB273 This work
DLT3197 DLT1215/pJYB273 This work
DLT3198 DLT1215/pJYB273/pJYB285 This work
DLT3248 DLT3165/pZC308 This work
DLT3249 DLT3165/pJYB57 This work
DLT3250 DLT3165/pZC302 This work
DLT3251 DLT3198/pZC328 This work
Plasmids Replicon (size) Relevant characteristics Source/References
pZC302 pBR322 (4.8 kb) bla, sopC+ (Bouet et al., 2005)
pZC308 mini-P1 (5.0 kb) bla, ΔparABS, sopC+ (Bouet et al., 2005)
pZC328 mini-P1 (8.9 kb) aadA, parABS+, sopC+ (Bouet et al., 2005)
pJYB57 pBSKS (3.5 kb) bla, sopC+ (Ah-Seng et al., 2009)
pJYB234 mini-F (10.4 kb) cam, sopA, sopB-mVenus, sopC (J. Rech and J.Y. Bouet, unpublished)
pJYB272 pSC101 (5.9 kb) aadA, parBpMT1-mTurquoise2 This work
pJYB273 mini-F (14.1 kb) cam, sopA, sopB-mVenus, sopC, lacZ, parSpMT1 This work
pJYB285 pSC101 (5.9 kb) bla, parBpMT1-mTurquoise2 This work
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displayed quarter-cell positioning (Fig. 2C). As expected, the
observed positioning pattern is typical of a partition-
proﬁcient F plasmid (Niki and Hiraga, 1997), indicating that
our reporter system is fully functional.
In order to investigate the different behaviors of
centromere-based incompatibility in regard to the copy
number of the competing plasmid, we used several vectors
carrying a full version of the sopC centromere of the F
plasmid that were previously characterized in terms of in-
compatibility (Bouet et al., 2005). Apart from the added-
sopC determinant, all plasmids were compatible with both
the mini-F and the ParBpMT1-mTq2 producer vector (pSC101
derivative) present within the cell.
3.2. Large excess of sopC mislocalizes the mini-F by titration
of SopB
To visualize the centromere-based incompatibility when
a large excess of sopC is present in the cell, we used two
high-copy number vectors. Plasmids pBR322 and pBSKS exist
at about 20 and 50 copies per chromosome (Lobner-Olesen,
1999), and their sopC-carrying derivatives, pZC302 and
pJYB57, respectively, were introduced in strain DLT3165. In
both cases, the mini-F pJYB273 lost its typical mid- or
quarter-cell positioning (Fig. 3A,B; right panels). In one focus
cells, pJYB273 was positioned randomly in the cell length
in the presence of pZC302 while it was found predomi-
nantly at the cell pole in the presence of pJYB57 (Fig. 3C;
left). Only ~42% and ~20% were present around mid-cell
(Fig. 3C; right) when excess sopC were carried by pBR322
and pBSKS, respectively. This result is in striking contrast
to control conditions (DLT3165; Fig. 2B), which displayed
82.5% of single foci at mid-cell, indicating that the higher
the excess of centromere sites, the more pJYB273 is
mislocalized toward the cell pole. In the two foci cells,
pJYB273 appeared randomly localized within the cell length
with a slight preference to the cell pole (Fig. 3D). These po-
sitioning data are in agreement with the random loss rate
observed experimentally in the presence of these vectors
(Bouet et al., 2005).
We then looked at the SopB-mVenus localization in the
presence of excess sopC (Fig. 3A,B; middle panels). In the
presence of pZC302, SopB-mVenus foci were barely de-
tected but rather we observed dispersed ﬂuorescence
patches. This default was evenmore pronounced in the pres-
ence of pJYB57, with the ﬂuorescence signal almost
completely diffused within the cell. Some cells showed no
mVenus signal as expected, with cells having lost pJYB273
(Fig. 3Biii, middle panel). Western blotting experiments in-
dicated that the intracellular level of SopB-mVenus was not
affected by the in trans excess of sopC (data not shown), as
previously observed for the autoregulated Sop promoter
(Bouet et al., 2005; Yates et al., 1999). In all cases, we did
not observe ParBpMT1-mTq2 foci with corresponding SopB-
mVenus foci (Fig. 3A; left panels), indicating that excess sopC
eﬃciently titrates SopB from pJYB273.
In slow growth condition, cells contain ~600–800 SopB
dimers (Adachi et al., 2006; Bouet et al., 2005) for about
20–30 speciﬁc binding sites on F plasmids (10 speciﬁc SopB-
binding sites per sopC centromere; Pillet et al., 2011) that
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Fig. 2. Co-localization of SopB clusters and mini-F. (A) Dual ﬂuorescence imaging of DLT3165 shows representative cells (i–iii) displaying SopB-mVenus
clusters (middle panels), mini-F (pJYB273) positioning with ParB pMT1-mTq2 labelling (right panels) and the overlay of both ﬂuorescence with phase con-
trast (left panels). Cells were grown in M9-glycerol media containing 3 μM IPTG. Scale bar: 1 μm in all images. (B and C) Statistical analyses of mVenus
clusters (yellow) and ParBpMT1-mTq2 (blue) positioning in cells containing one focus (B) and two foci (C) performed automatically using MicrobeTracker.
Over the 799 cells analyzed, 115 and 292 have one or two SopB-mVenus clusters, respectively, and 143 and 303 have one or two ParBpMT1-mTq2 foci,
respectively. B, right panel; percentage of cells with one focus located in the interval 0.35 to 0.5 relative to the cell length.
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serve as a nucleation point to cluster a large number of SopB
in partition complexes. The presence of extra sopC sites on
high-copy number vectors effectively titrated most SopB
dimers from the mini-F plasmid (Fig. 3A,B). For instance,
pJYB57, which is present at ~100 copies at cell division, adds
over an extra thousand SopB-speciﬁc binding sites and pre-
vents loading on the sopC sites of the mini-F plasmid. Our
data showed no preferential formation of a large partition
complex on the mini-F, as would have been indicated by
SopB-mVenus foci (Fig. 3A-B). This titration of SopB leads
to a random localization of the mini-F plasmid (Fig. 3C-D)
similar to that of a mini-F lacking a partition system (Gordon
et al., 2004).
3.3. Extra sopC on low-copy number vectors
We then investigated the effects of IncD incompatibili-
ty induced by low-copy number vectors using the plasmid
P1. As for the F plasmid, the P1 copy number is only one
to two per chromosome. Plasmid P1 is highly stable and
compatible with the F plasmid. They both show similar sub-
cellular locations, but no co-localization when residing in
the same cell (Ebersbach et al., 2005; Ho et al., 2002).
We ﬁrst observed the positioning of the mini-F in the
presence of a mini-P1 plasmid carrying sopC in addition to
its own partition system. It was previously shown that a
mini-P1 Par+ sopC plasmid (pZC328) induces only a slight
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Fig. 3. Titration of SopB dimers by centromere-beaing high-copy number plasmids induces mini-F mispositioning. (A and B) mini-F (pJYB273) carrying
strain DLT3165 was transformed with a pBR322 (pZC302; Ai-iii) or a pBSKS (pJYB57; Bi–iii) derivative carrying sopC. Fluorescence imaging was per-
formed as in Fig. 2. Scale bar: 1 μm in all images. (C and D) Statistical analyses of ParBpMT1-mTq2 positioning in cells containing one focus (C) and two foci
(D). C, right panel; percentage of cells with one blue focus located in the interval 0.35 to 0.5. Among the 297 cells carrying pZC302 analyzed (dark blue
bars), 48 and 39 have one or two mTq2 foci, respectively. Among the 147 cells carrying pJYB57 analyzed (light blue bars), 40 and 15 have one or two
mTq2 foci, respectively. The control experiment (gray bar) in the absence of sopC-carring competitor plasmid refers to Fig. 2B. Cells were grown in
M9-glycerol without (pZC302) or with 3 μM IPTG (pJYB57).
58 R. Diaz et al. / Plasmid 80 (2015) 54–62
defect in the stability of a co-resident mini-F plasmid (Bouet
et al., 2005). pZC328 was introduced into DLT3198 carry-
ing the mini-F plasmid, pJYB273, and the ParBpMT1-mTq2
producer, pJYB285. As above, blue foci represent the posi-
tioning of the mini-F and yellow foci correspond to the
positioning of both mini-F and mini-P1, each carrying sopC.
Both plasmids displayed a positioning pattern correspond-
ing to active partitioning, with yellow foci regularly
positioned within the cell’s length and also well posi-
tioned along the mid-line (Fig. 4A). Statistical analysis
showed that in one yellow-focus cells, ~ 83% of foci were
found near mid-cell (Fig. 4B; right), as seen in the absence
of pZC328 (Fig. 2B; right), but with a broader distribution
(compare Fig. 4B and 2B; left). In one blue-focus cells, we
observed a slight defect in the frequency of mid-cell posi-
tioning, with ~78% of foci positioned near mid-cell (Fig. 4B,
right), indicating that the positioning of pJYB273 is slightly
perturbed. In two yellow-foci cells, the localization pattern
appeared to be preferential to quarter-cell positions, dis-
playing a broader distribution than seen without pZC328
(compare Fig. 4C and 2C). These results indicate that the two
plasmids are positioned along the cell length with respect
to each other. This is clearly seen in pre-divisional cells
(Fig. 4Ai) containing two yellow foci at quarter cell posi-
tions, with only one having a corresponding blue focus
(pJYB273). pJYB273 being relocated towards quarter posi-
tions by the action of pZC328 explains why it often appears
off mid-cell when only one blue focus is detected. Our results
indicate that the positioning of the mini-F is dependent on
the positioning of themini-P1 Par+ sopC plasmid. In this con-
dition, we also observed some cells that do not have amini-F
(Fig. 4Aiii) as expected from the low loss rate observed
(Bouet et al., 2005).
Our data showing that mini-P1 Par+ sopC (pZC328) is
mainly positioned in the cell length relative to the mini-F
(pJYB273) are in agreement with the equi-positioning hy-
pothesis proposed by Ebersbach et al. (2005). However, equi-
positioning of sopC-carrying plasmids along the long axis
of the cell in a random order is expected to induce a near-
random loss rate, higher than the low loss rate previously
observed (Bouet et al., 2005). This indicates that the P1 Par
system is generally positioning themini-P1 Par+ sopC in both
sides of the cell. As a result, the mini-F positions itself
relative to partition complexes assembled on all sopC cen-
tromeres present. Accordingly, we observed the broader
distribution of the sopC-carrying plasmids (yellow foci), in-
dicating that indeed the P1 Par system interferes with the
Sopsystem.Theproper localizationactionsof the twosystems
leads to imprecisemid- andquarter-cell positioning thatmay
explain the low loss rate observed in this condition.
3.4. Partition defective mini-P1 sopC actively equi-positions
itself relative to the mini-F
In contrast to the low loss rate of the mini-F in the pres-
ence of the stable mini-P1 plasmid carrying sopC, it was
shown that a partition defective mini-P1 sopC plasmid was
lost at a higher-than-random loss rate, referred to as ‘strong
IncD’ phenotype (Bouet et al., 2005). Several explanations,
such as mixed pairing or clusters trapped in the same cell-
half (Bouet et al., 2005, 2007), have been provided to explain
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Fig. 4. Mini-F positioning in the presence of mini-P1 Par+ sopC. (A) Flu-
orescence imaging of strain DLT3251, performed and displayed as in Fig. 2,
shows themini-F positioning (blue arrows) by the ParBpMT1-mTq2 and SopB-
mVenus dual labeling, while mini-P1 Par+sopC positioning (yellow arrows)
corresponds to the yellow-only foci. B and C: Statistical analyses of SopB-
mVenus (yellow bars) and ParB pMT1-mTq2 (blue bar) foci positioning in
cells containing one focus (B) and two foci (C). B, right panel; percentage
of cells with one focus located in the interval 0.35 to 0.5 relative to the
cell length. In the absence of pZC328 (no competitor plasmid; DLT3165),
the percentage of cells with one yellow focus is indicated with a gray bar
and refers to Fig. 2B. Among the 462 cells analyzed, 35 and 181 have one
or twomVenus clusters, respectively. Cells were grown inM9-glycerol with
3 μM IPTG.
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these results. However, neither explanation would lead to
a higher-than-random loss rate. To tackle this unsolved ques-
tion, we introduced amini-P1 Δpar sopC (pZC308) into strain
DLT3165 carrying pJYB273 and a ParBpMT1-mTq2 producer
(pJYB272), and performedmicroscopy observations as above.
We found that the positioning of pJYB273 (blue only foci)
in the presence of pZC308 was similar to what was ob-
served with its Par+ counterpart pZC328 (Fig. 5A). In the
youngest cells (panel i), pJYB273 is often at a quarter-cell
position with pZC308 present on the other side. If we con-
sider the positioning of both plasmids (yellow foci), they
were mostly equi-positioned in the cell length. Cells with
three yellow foci displayed one or two blue foci (panels ii
to iv), indicating that replication and subsequent segrega-
tion of pJYB273 and pZC308 occurred in a random order
relative to each other. This is expected as replication is not
coordinated within the cell cycle for these two plasmids
(Helmstetter et al., 1997; Prentki et al., 1977). In pre-
divisional cells, the yellow foci are also equi-positioned
(panel v). However, we also observed a large number of cells
without one of the two plasmids (panels v and vi; 30% of
the 486 cells counted did not display a blue foci), in agree-
ment with the higher-than-random loss rate measured
experimentally in this condition (Bouet et al., 2005).
Our statistical analyses indicated that the two incom-
patible plasmids were positioned with a similar distribution
to that observed when the pJYB273 was un-challenged in
strain DLT3165 (Fig. 3A). In single yellow-focus cells, 81%
of the yellow foci were located at mid-cell (Fig. 3B). In two
yellow-foci cells, we observed the typical quarter-cell po-
sitioning of partition proﬁcient plasmids (compare Fig. 5C
and 3C). These results indicate that partitioning with the
Sop system occurs on both plasmids by recognizing the pres-
ence of other partition complexes assembled on sopC, and
by their subsequent positioning in reference to these par-
tition complexes. This also indicates that partition proteins
are unable to differentiate between the mini-F plasmid and
the co-resident low-copy number plasmid containing sopC,
as also observed with the mini-P1 Par+ sopC (see above).
Our imaging data revealed that themini-F and themini-
P1Δpar sopCplasmids arepositioned in a coordinated fashion
within the cell through the sopC centromere present on both
plasmids. Our results are fully compatible with the random
positioning model proposed by Ebersbach et al. (2005) as
theplasmidsareequi-positionedalong thecell length through
their partition complexes assembled on sopC. However, such
positioning does not explain the strong IncD phenotype, i.e.
the high amount of plasmid free cells (Fig. 5A, panels v and
vi) correlated with a higher-than-random loss rate (Bouet
et al., 2005). Indeed, random positioning (depicted Fig. 6A)
gives rise to 2/3 of new-born cells with both plasmids and
1/3 with mutual exclusion. This distribution should lead to
an impaired inheritance at a lower-than-random loss rate,
not with the observed higher-than-random loss rate.
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Fig. 5. Mini-F positioning in the presence of mini-P1 Δpar sopC. (A) A gallery of cells with dual ﬂuorescence imaging from strain DLT3248, performed and
displayed as in Fig. 2, is arranged according to the cell cycle progression from i to vi (smallest to longest cells). The mini-F positioning (blue arrow) is in-
dicated by the blue and yellow dual labeling while the position of mini-P1Δpar sopC+ (yellow arrow) is revealed by yellow-only foci. (B and C) Statistical
analyses of SopB-mVenus foci positioning in cells containing one focus (B) and two foci (C). B, right panel; percentage of cells with one yellow focus located
in the interval 0.35 to 0.5 relative to the cell length. The control experiment (gray bar) in the absence of sopC-carrying competitor plasmid refers to Fig. 2B.
Among the 462 cells analyzed, 48 and 205 have one or two mVenus clusters, respectively. Cells were grown in M9-glycerol with 0.3 or 3 μM IPTG.
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3.5. Hypothesis for higher-than-random loss rate
Our data clearly reveal that the partition process, mea-
sured here by the intracellular positioning of sopC-carrying
plasmids, is not directly responsible for the higher-than-
random loss rate. We suggest that the major factor in the
‘strong IncD’ phenotype couldbedue to the timingof plasmid
replication. It iswell known that replication andcopynumber
control of F and P1 plasmids are precisely regulated (Das
et al., 2005). However, their replication occurs randomly
rather than at a deﬁned time in the cell cycle (Helmstetter
et al., 1997; Prentki et al., 1977). In other words, these plas-
mids can replicate at any timewithaprobability of replication
that gradually increases as the cell cycle progresses. Both
plasmids thus have a signiﬁcant probability replicating late
in the cell cycle.Wepropose that late replicationeventswould
prevent random assortment of all sopC-carrying plasmid
copies (depicted in Fig. 6B). Each time one plasmid repli-
cates late, the newly replicated copies partition relative to
each other but would not have time to interact and remix
with the other centromere-carrying co-resident plasmids
before cell division. When the late replicating plasmid is
located near mid-cell (see example Fig. 5Aiii), i.e. a posi-
tioning that occurs 1/3of the time, segregationwouldprovide
daughter cells with one copy of each plasmid. However,
in 2/3 of the cases, late replication would occur on a side-
located plasmid and daughter cellswould inherit two copies
of the same plasmid. This scenariowould lead to a very high
level of mutual exclusion (much higher-than-random par-
tition).On theotherhand,plasmid replicationandsubsequent
segregation that occur earlier in the cell cycle (Fig. 6A)would
allow plasmid copies a suﬃcient amount of time to switch
positions, leading to random assortment and impaired in-
heritance (lower-than-randompartition).We thus propose
that the combination of randompositioning andmutual ex-
clusion, occurringwith early and late replication relative to
the cell-cycle, respectively, leads to the higher-than-
random frequency loss observed experimentally (Bouet et al.,
2005). This phenomenon is reinforced in the case of P1 and
F, as both plasmids could replicate late in the cell cycle
(Helmstetter et al., 1997; Prentki et al., 1977).
Late replication is expected to occur at the same fre-
quency in the presence of the mini-P1 Par+ sopC plasmid.
The absence of a higher-than-random loss rate in this con-
dition may be easily explained by two actions of the
F-independent but active ParABS system present on P1 by:
(i) speeding the initiation of segregation of the mini-P1 after
its replication, thus allowing more time for mixing all sopC-
carrying plasmids, and (ii) by-passing of the Sop-mediated
equi-positioning that limits mixing by eﬃciently segregat-
ing P1 copies toward opposite cell poles. Together, these two
effects allow for a more eﬃcient mixing of all sopC-carrying
plasmids and an increase in the relocation of mini-P1 Par+
sopC on either side of the cells, thus resulting in a non-
random assortment and leading to the only ‘slight incD’
incompatibility phenotype observed (our data; Bouet et al.,
2005).
4. Conclusions
Partition-mediated plasmid incompatibility is mecha-
nistically diverse depending on the component of the
partition system involved (Bouet et al., 2007). In the case
of centromere-based incompatibility (termed IncD in the
case of F plasmid), the mechanisms leading to incompati-
bility are also varied. Essentially it depends on the copy
number of the co-resident plasmid carrying the same cen-
tromere, but a clear picture was still missing.
Our present data unambiguously conﬁrm that titration
of the centromere-binding protein by excess centromeres
located on high-copy number plasmids triggers incompat-
ibility. We showed that SopB does not bind preferentially
to the F plasmid centromere, preventing the assembly of the
partition complex. This leads to a random positioning of the
mini-F plasmid and its subsequent loss at a random rate.
For incompatibility induced by extra centromere present
on a co-resident low-copy number plasmid, our ﬁndings
indicate that partitioning was still fully functional. We ob-
served that the mini-F and mini-P1 sopC plasmids are
positioned in relation to each other, in agreement with the
‘random positioning’ hypothesis proposed by Ebersbach et al.
(2005). Strikingly, in the case of a partition defective
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Fig. 6. Model for higher-than-random plasmid loss when two indepen-
dent replicons carry the same partition system (or centromere). Schematic
representation of two low-copy number plasmids (red and green circles)
inside cells (blue oblongs), with one plasmid carrying the same centro-
mere sequence as the one encoded by the partition system present on the
other. For simplicity, in each case it is assumed that newborn cells con-
tained a single copy of each low-copy number plasmid. (A) Random
assortment of each replicon coupled with active partitioning and equi-
positioning leads to faithful inheritance in 2/3 of the cases. Only in 1/3 of
the cases will the daughter cells inherit the same replicon leading tomutual
exclusion. Overall, this results in impaired inheritance with a lower-than-
random loss rate. This model assumes that both plasmids replicate and
segregate in a time frame that is compatible with their subsequent and
coordinated positioning before cell division. (B) Higher-than-random
plasmid loss in the case of a late replication event. Replication of low-
copy number plasmids, such as F and P1, occurs at any time during the
cell-cycle. When one of these plasmids replicate late in the cell-cycle (here
the plasmid is represented by the green circle), the subsequent partition
between siblings occurs, but the mixing with the other plasmids in the
cell is prevented by cell-division. In this model, only mid-cell positioning
of the late replicating plasmid (in 1/3 of the case) leads to faithful inher-
itance, while polar positioning (2/3 of the case) leads to mutual exclusion.
Overall, late replication results in a much higher-than-random loss of plas-
mids. At the population level, replication of both plasmids occurs at any
time in the cell-cycle leading to a mix between ‘early’ and ‘late’ replica-
tion, i.e. resulting in impaired inheritance (A) and higher-than-random loss
(B), respectively, which taken together would provoke the observed higher-
than-random loss.
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low-copy number plasmid, we revealed that the ‘strong IncD’
phenotype observed in vivo was also not due to a default
in positioning, and therefore that the Sop-mediated parti-
tioning process was active. We suggest that the strong IncD
phenotype is due to late replication events that occur for
both P1 and F plasmids. Late replication prevents random
assortment of sopC-carrying plasmids and therefore increases
the level of mutual exclusion. In conclusion, our imaging data
provide a new and simple hypothesis for explaining the
major difference between mild and strong IncD pheno-
types imposed by the presence or absence of an active Par
system on low-copy number plasmids.
Conﬂict of interest
The authors declare that they have no competing
interests.
Authors’ contributions
RD, JR, and JYB designed the study. RD and JR per-
formed the experiments. RD, JR, and JYB analyzed the results.
RD and JYB wrote the manuscript. All authors read and ap-
proved the ﬁnal manuscript.
Acknowledgments
We thank S. Depaul for technical assistance with stabil-
ity assays andmedia preparation. We also thank J.-C. Walter
and members of the team for fruitful discussions. This work
was supported by Agence National pour la Recherche (ANR-
14-CE09-0025-01) and RD by the ComUE Université de
Toulouse (APR2014). Funding for microscope was provided
by FEDER and by Association pour la Recherche sur le Cancer.
References
Adachi, S., Hori, K., Hiraga, S., 2006. Subcellular positioning of F plasmid
mediated by dynamic localization of SopA and SopB. J. Mol. Biol. 356,
850–863.
Ah-Seng, Y., Lopez, F., Pasta, F., Lane, D., Bouet, J.Y., 2009. Dual role of DNA
in regulating ATP hydrolysis by the SopA partition protein. J. Biol. Chem.
284, 30067–30075.
Austin, S., Nordstrom, K., 1990. Partition-mediated incompatibility of
bacterial plasmids. Cell 60, 351–354.
Bouet, J.Y., Campo, N.J., Krisch, H.M., Louarn, J.M., 1996. The effects on
Escherichia coli of expression of the cloned bacteriophage T4 nucleoid
disruption (ndd) gene. Mol. Microbiol. 20, 519–528.
Bouet, J.Y., Rech, J., Egloff, S., Biek, D.P., Lane, D., 2005. Probing plasmid
partition with centromere-based incompatibility. Mol. Microbiol. 55,
511–525.
Bouet, J.Y., Bouvier, M., Lane, D., 2006. Concerted action of plasmid
maintenance functions: partition complexes create a requirement for
dimer resolution. Mol. Microbiol. 62, 1447–1459.
Bouet, J.Y., Nordstrom, K., Lane, D., 2007. Plasmid partition and
incompatibility – the focus shifts. Mol. Microbiol. 65, 1405–1414.
Bouet, J.Y., Stouf, M., Lebailly, E., Cornet, F., 2014. Mechanisms for
chromosome segregation. Curr. Opin. Microbiol. 22C, 60–65.
del Solar, G., Giraldo, R., Ruiz-Echevarria, M.J., Espinosa, M., Diaz-Orejas,
R., 1998. Replication and control of circular bacterial plasmids.
Microbiol. Mol. Biol. Rev. 62, 434–464.
Das, N., Valjavec-Gratian, M., Basuray, A.N., Fekete, R.A., Papp, P.P., Paulsson,
J., et al., 2005. Multiple homeostatic mechanisms in the control of P1
plasmid replication. Proc. Natl. Acad. Sci. U.S.A. 102, 2856–2861.
Ebersbach, G., Sherratt, D.J., Gerdes, K., 2005. Partition-associated
incompatibility caused by random assortment of pure plasmid clusters.
Mol. Microbiol. 56, 1430–1440.
Goedhart, J., von Stetten, D., Noirclerc-Savoye, M., Lelimousin, M., Joosen,
L., Hink, M.A., et al., 2012. Structure-guided evolution of cyan
ﬂuorescent proteins towards a quantum yield of 93%. Nat. Commun.
3, 751.
Gordon, S., Rech, J., Lane, D., Wright, A., 2004. Kinetics of plasmid
segregation in Escherichia coli. Mol. Microbiol. 51, 461–469.
Helmstetter, C.E., Thornton, M., Zhou, P., Bogan, J.A., Leonard, A.C.,
Grimwade, J.E., 1997. Replication and segregation of a miniF plasmid
during the division cycle of Escherichia coli. J. Bacteriol. 179, 1393–
1399.
Ho, T.Q., Zhong, Z., Aung, S., Pogliano, J., 2002. Compatible bacterial plasmids
are targeted to independent cellular locations in Escherichia coli. EMBO
J. 21, 1864–1872.
Kusukawa, N., Mori, H., Kondo, A., Hiraga, S., 1987. Partitioning of the F
plasmid: overproduction of an essential protein for partition inhibits
plasmid maintenance. Mol. Gen. Genet. 208, 365–372.
Lemonnier, M., Bouet, J.Y., Libante, V., Lane, D., 2000. Disruption of the F
plasmid partition complex in vivo by partition protein SopA. Mol.
Microbiol. 38, 493–505.
Lobner-Olesen, A., 1999. Distribution of minichromosomes in individual
Escherichia coli cells: implications for replication control. EMBO J. 18,
1712–1721.
Niki, H., Hiraga, S., 1997. Subcellular distribution of actively partitioning
F plasmid during the cell division cycle in E. coli. Cell 90, 951–957.
Novick, R.P., 1987. Plasmid incompatibility. Microbiol. Rev. 51, 381–395.
Ogura, T., Hiraga, S., 1983. Partition mechanism of F plasmid: two plasmid
gene-encoded products and a cis-acting region are involved in partition.
Cell 32, 351–360.
Pillet, F., Sanchez, A., Lane, D., Anton Leberre, V., Bouet, J.Y., 2011.
Centromere binding speciﬁcity in assembly of the F plasmid partition
complex. Nucleic Acids Res. 39, 7477–7486.
Prentki, P., Chandler, M., Caro, L., 1977. Replication of the prophage P1
during the cell cycle of Escherichia coli. Mol. Gen. Genet. 152, 71–76.
Salje, J., 2010. Plasmid segregation: how to survive as an extra piece of DNA.
Crit. Rev. Biochem. Mol. Biol. 45, 296–317.
Sanchez, A., Rech, J., Gasc, C., Bouet, J.Y., 2013. Insight into centromere-
binding properties of ParB proteins: a secondary binding motif is
essential for bacterial genome maintenance. Nucleic Acids Res. 41,
3094–3103.
Sliusarenko, O., Heinritz, J., Emonet, T., Jacobs-Wagner, C., 2011. High-
throughput, subpixel precision analysis of bacterial morphogenesis and
intracellular spatio-temporal dynamics. Mol. Microbiol. 80, 612–627.
Vecchiarelli, A.G., Mizuuchi, K., Funnell, B.E., 2012. Surﬁng biological
surfaces: exploiting the nucleoid for partition and transport in bacteria.
Mol. Microbiol. 86, 513–523.
Yates, P., Lane, D., Biek, D.P., 1999. The F plasmid centromere, sopC, is
required for full repression of the sopAB operon. J. Mol. Biol. 290,
627–638.
62 R. Diaz et al. / Plasmid 80 (2015) 54–62
 119 
  
 120 
  
 121 
Chapter 3: Optimization of a high 
resolution ChIP-seq protocol 
Once or twice, though you should fail, 
If you would at last prevail, 
Try, try again…  
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3.1-Introduction  
 The main goal of my thesis project was to validate the architecture of the type I partition 
complex. The partition complex is composed of ParB binding strongly and specifically to its 
cognate centromere site and non-specifically to centromere-flanking DNA, in an activity termed 
“spreading.” Currently, three models exist to explain the mechanism of ParB spreading, and for 
more details on these models, refer to the “partition complex” portion of the introduction (see 
section 1.2.4.3c). In order to probe ParB binding behavior in vivo and gain insight into how ParB 
spreads on centromere-flanking DNA, we employed high-resolution chromatin 
immunoprecipitation coupled with next generation sequencing (ChIP-seq). ChIP-seq is a powerful 
tool to study protein-DNA interactions on a genome-wide scale. In the scope of this project, we 
planned to employ ChIP-seq results as an in vivo template for mathematical modeling by 
physicists from the Laboratoire Charles Coloumb in Montpellier. In order to ensure accurate 
mathematical modeling aimed to determine in vivo ParB binding behavior, it was essential be 
familiar with the necessary steps that must be taken to obtain high-resolution, accurate, and 
reproducible ChIP-seq results for each experiment (Kidder et al., 2011).  
ChIP-seq itself can, however, pose several challenges. These challenges can come in the 
form of experimental obstacles posed throughout the course of the experiment itself, as well as 
the analytic challenges faced after sequencing results are obtained. One such problem has been 
recognized to come in the form of the lack of interactions between bench scientists performing 
the ChIP-seq experiment and the bioinformaticians assembling the results. Generally, ChIP 
samples are sent to a sequencing platform and analyzed returning the results with a brief 
explanation of the methods used.  These methods, however, are generally not well understood 
by the bench scientists, and at times may not fit the needs of the experiment itself. The 
arrangement of my thesis project was outlined to be shared between an experimental lab and a 
sequencing platform with the goal to overcome all challenges faced throughout the ChIP-seq 
optimization process. Together, we went to great lengths to optimize the lab’s current ChIP-seq 
protocol in order to obtain the highest quality ChIP-seq data possible and as a result, a highly 
efficient and reliable ChIP-seq protocol was produced. The ensemble of these efforts including 
the improvement of DNA fragmentation, signal to noise ratio, counting method, and overall  
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controls of the experiment were published as a detailed protocol chapter in the Bacterial Nucleoid 
edition of Methods in Molecular Biology (Diaz et al., 2017). This chapter will include the published 
protocol in the first section followed by supplementary experimental information on the ChIP-seq 
procedure that was not included in the published version.  
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3.2-Article: High Resolution Chromatin Immunoprecipitation: ChIP-
sequencing 
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Abstract 
 
Chromatin immunoprecipitation (ChIP) coupled with next generation sequencing (NGS) is 
widely used for studying the nucleoprotein components that are involved in the various 
cellular processes required for shaping the bacterial nucleoid. This methodology, termed 
ChIP-sequencing (ChIP-seq), enables the identification of the DNA targets of DNA binding 
proteins across genome-wide maps. Here we describe the steps necessary to obtain 
short, specific, high-quality immunoprecipitated DNA prior to DNA library construction for 
NGS and high resolution ChIP-seq data. 
 
 
 
Key words   Chromatin immunoprecipitation, next generation sequencing, 
genome-wide maps, DNA target, DNA fragmentation, DNA sonication, affinity-
purified antibody, bacterial nucleoid. 
 
Running title    High Resolution ChIP-Sequencing 
 
 
 
 
 
 
1 Introduction 
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ChIP-sequencing (ChIP-seq), which combines two methods, chromatin 
immunoprecipitation and next generation sequencing, has made a 
tremendous impact in many biological research fields from eukaryotes to 
prokaryotes. Knowing the locations where proteins interact with DNA is 
essential for understanding their functionality in a system.  Many methods 
are available to study their binding sites and specificity of interaction. 
However, only ChIP-seq can give high-resolution in vivo data mapped 
across the entirety of a genome.  Since its first use in eukaryotes (Barski et 
al., 2007; Johnson et al., 2007; Mikkelsen et al., 2007; Robertson et al., 
2007), to its use in prokaryotes (Kahramanoglou et al., 2011; Lun et al., 
2009), ChIP-seq technology has continued to advance, whilst the cost of 
sequencing has decreased. Consequently, ChIP-seq is becoming an 
increasingly accessible tool. Of note, ChIP-seq has been successfully 
utilized to investigate nucleoprotein complexes that shape the bacterial 
nucleoid, giving insight into a range of processes such as local and global 
organization, replication, segregation, as well as global regulation of gene 
expression by nucleoid-associated proteins. 
 
Current and widely used methods to capture protein-DNA interactions in a 
live cell population couple ChIP with the use of covalent and reversible 
formaldehyde cross-linking, namely X-ChIP. Following crosslinking, the 
cells are lysed and DNA is extensively fragmented, through enzymatic 
digestion or sonication. In this protocol we describe DNA fragmentation 
through sonication using an automated rotating water bath system. We have 
found this method to be the most efficient and reproducible that results in a 
uniform size of DNA among samples with an average of ~200bp required 
for high resolution ChIP-seq data. Another key step involves the selective 
immunoprecipitation of the fragmented protein-DNA complexes using 
protein specific antibodies. The quality and specificity of antibodies used for 
this assay is of utmost importance to prevent non-specific pull downs and 
datasets with a low signal to noise ratio. Here, we also describe a method 
for membrane strip affinity purification of antibodies using rabbit polyclonal 
sera raised against the protein of interest. Following immunoprecipitation, 
proteins are eliminated using a proteinase K digestion and the samples are 
reverse cross-linked prior to DNA purification. We have found that using a 
simple chloroform and isoamyl alcohol purification followed by an 
isopropanol precipitation, is a cost efficient method that results in a high 
recovery of quality DNA; however other options such as bead and DNA 
purification kits are effective alternatives. 
 
The ChIP-seq protocol described here is adapted from Cho et al., 2011 and 
has contributed to important achievements related to bacterial nucleoids, 
such as the essential involvement of SlmA in Escherichia coli in regulating 
FtsZ ring assembly. More recently, (Sanchez et al., 2015) used high-
resolution ChIP-seq data that allowed for the physico-mathematical 
modeling of the ParBF propagation along the DNA and the proposal of a new 
model of stochastic self-assembly for the F plasmid partition complex. 
 130 
 
  
 131 
 
____________________________________________________________ 
2   Materials 
 
Prepare all solutions using Milli-Q® or any form of ultra-pure water with a sensitivity of 18.2 
MΩ.cm and molecular grade reagents. Unless otherwise specified, filter solutions using a 
0.45 µm low protein binding non-pyrogenic membranes and store them at room 
temperature. 
 
2.1   Antibody purification 
Prepare the following buffers: 
1. 2x sample buffer: 100 mM Tris pH 6.8, 5% SDS, 20% glycerol, 0.05% Bromo-
phenol blue. Add β-mercaptoethanol (50 µl.ml-1) just before mixing with protein 
samples. 
2. Ponceau S: Mix 50 mg Ponceau S (Sigma-Aldrich), 2.5 ml acetic acid (≥99%) with 
47.5ml of water. 
3. 10x Tris-Buffered Saline (TBS): Mix 20 ml of 1 M Tris pH7.6, 20 ml of 5 M NaCl 
with 960 ml of water. 
4. TBS-Tween20: Dissolve 0.1% Tween20® in 1x TBS. 
5. 0.1 M Glycine-HCl pH2.2: Dissolve 1.5 g of glycine in water, adjust to pH 2.2 with 
5 M HCl and add water up to a volume of 200 ml. 
6. 10 mM NaPhosphate buffer pH 7.2: for 100 ml, mix 72 ml of 0.1 M Na2PO4 with 28 
ml of 0.1 M NaH2PO4. 
  
2.2   Bacterial culture and cross-linking 
1. For Escherichia coli and related bacteria, grow cells in LB medium or other 
appropriate media specific of the tested growth condition. 
2. 36% formaldehyde commercial solution. 
3. 2.5 M Glycine: Dissolve 92.83 g of glycine powder in 400 ml of water. Transfer 
solution to a graduated cylinder and add water up to a volume of 500 ml.  
4. Cold TBS pH 7.6: See antibody purification (§ 2.1.3).  
 
2.3   Cell lysis and sonication 
1. 1.5 ml tubes with a low DNA binding grade. 
2. Rotating water bath sonicator: We recommend the Bioruptor® plus (Diagenode). 
The M220 Focused-ultrasonicator (Covaris) also provides reproducible and 
accurate results. 
3. Lysis buffer: 10 mM Tris-HCl pH 7.8, 100 mM NaCl, 10 mM EDTA, 20% sucrose, 
1mg.ml-1 lysozyme (see Note 1). 
4. 2x IP buffer: 50 mM Hepes-KOH pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-
100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF (see Note 2). 
 
2.4   Immunoprecipitation 
1. Magnetic rack. 
2. Magnetic protein A beads (Ademtech). 
3. Rocking tube agitator for use at 4°C. 
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4. Blocking buffer: 0.1 µg.µl-1 BSA, 1 µg.µl-1 tRNA. 
5. Wash buffer 2: 50 mM Hepes-KOH pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton 
X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF (see Note 2). 
6. Wash buffer 3: 10 mM Tris-HCl pH 7.8, 250 mM LiCl, 1 mM EDTA, 0.5% IGEPAL 
CA-630 (Sigma-Aldrich), 0.1% sodium deoxycholate, 1 mM PMSF (see Note 2). 
7. TE Buffer: 10 mM Tris pH 7.5, 1 mM EDTA. 
8. Elution buffer: 50 mM Tris-HCL pH 7.5, 10 mM EDTA, 1% SDS. 
9. 4x reducing buffer (Invitrogen). 
 
2.5   Reverse crosslink 
1. RNase: 10 mg.ml-1. 
2. Proteinase K: 10 mg.ml-1. 
 
2.6   DNA purification 
1. 5 M NaCl. 
2. Pure chloroform (CHCl3) and Isoamyl alcohol solutions. 
3. 20 mg.ml-1 Glycogen. 
4. 70% ethanol and 100% Isopropanol. 
5. 10 mM Tris-Cl pH 8.5. 
____________________________________________________________ 
 
3   Methods 
Carry out all procedures at room temperature (23°C) unless otherwise specified. 
 
3.1   Antibody purification 
 
For high-quality ChIP-sequencing data, we recommend to use affinity-purified antibodies 
raised against the proteins of interest. 
 
1. Recuperate 100 µg of the purified protein of interest and mix with 300 µl of 2x 
sample buffer (see Note 3).  
2. Load the protein sample on an appropriate 1-well SDS-PAGE. Run the gel and 
transfer subsequently by Western blotting on nitrocellulose membrane. 
3. Rinse the membrane twice in 1x TBS for 5 minutes. 
4. Cut a vertical strip at one extremity of the membrane. Rinse it with 500 µl of 
Ponceau S to identify the location of the protein band (see Note 4). 
5. Align the colored strip to the full membrane and excise a horizontal strip containing 
the protein band, as small as possible. Discard the colored strip.  
6. Rinse the protein strip in 20 ml of 1xTBS for 10 minutes at room temperature with 
gentle rocking. 
7. Rinse with 20 ml of 1x TBS-0.1% Tween20® with 10% milk for 1 hour at room 
temperature with gentle rocking. 
8. Rinse with 6 ml of 1xTBS-tween supplemented with 500 µl of antibody serum, 
incubate for 3 hours at room temperature on a rocking platform with gentle rocking, 
or overnight in a cold room with gentle rocking. 
9. Wash the strip 5 times for 10 minutes in 1x TBS-0.1% Tween20®. 
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10. Wash the strip 2 times for 5 minutes with 10 mM Na-phosphate buffer pH7.2. 
11. Place the strip on saran wrap and add 200 µl of 0.1 M Glycine pH 2.2. 
12. Recover and place the eluate in a 1.5 ml tube that contains 40 µl 1 M Na2HPO4. 
13. Repeat step 13 and recuperate the second eluate in the same tube. 
14. Rinse the strip with 10 mM Na-Phosphate buffer pH 7.2 for 10 minutes. 
15. Store the affinity-purified antibody at 4°C or at -20°C for short- or long-term storage, 
respectively. 
16. Place the strip on a paper towel and allow to dry for several minutes. 
17. The strip can be reused, place in a sterile tube and store at 4°C (see Note 5). 
 
3.2   ChIP-sequencing 
 
All 1.5 ml tubes used are DNA low binding grade. 
 
3.2.1 Bacterial growth culture 
1. Inoculate a 10 ml LB pre-culture, containing necessary antibiotics, with an isolated 
colony on LB agar of the bacterial strain to be studied and incubate at the 
appropriate temperature under agitation overnight. 
2. Dilute the pre-culture 200-fold in 100 ml of fresh LB medium, and incubate at 37°C 
under agitation, until OD600 ~ 0.6. 
 
3.2.2 Cross-link 
1. Aliquot 80 ml of the culture into an Erlenmeyer flask. 
2. Add 2.2 ml of 36% formaldehyde solution (1% final concentration) per sample and 
incubate at room temperature (23°C) for 30 minutes with gentle agitation (90 rpm). 
3. Add 16 ml of 2.5 M glycine (0.5 M final concentration) to quench the cross-linking 
reaction and incubate at room temperature for 15 minutes with gentle agitation (90 
rpm). 
4. Transfer the entire cross-linked samples into appropriate centrifuge tubes. 
5. Centrifuge for 10 minutes 6,000 g at 4°C. 
6. Discard the supernatant and resuspend the pellet with 96 ml of cold TBS pH 7.6. 
7. Centrifuge for 10 minutes 6,000 g at 4°C. 
8. Discard the supernatant and resuspend the pellet in 1 ml of cold TBS (see Note 6), 
and aliquot 500 µl into two separate 1.5 ml tubes. 
9. Centrifuge for 10 minutes at 6,000 g at 4°C. 
10. Carefully discard supernatants, no liquid should remain in the bacterial pellets (see 
Note 7). 
 
 
3.2.3 Cell Lysis  
1. Resuspend pellet in 500 µl of lysis buffer (see Note 8). 
2. Add 50 µl of 10 mg.ml-1 lysozyme and incubate at 37°C for 30 minutes. 
A B
Figure 26: DNA profiles of sonicated formaldehyde-treated cells prior (A) and after (B) library
preparation.
A) Sonicated and purified DNA fragments from the ChIP procedure prior to library preparation were analyzed
by 1.8% agarose gel electrophoresis showing fragment sizes between 100-400bp. Molecular weight (base pair)
markers are indicated on the right. The brightness and contrast of the image has been modified by linear
scaling for amplification of the signal.
B) Following library preparation, the size of DNA fragments, containing an 80bp barcode and sequencing
adaptor, was controlled by Agilent 2100 Bioanalyzer using Agilent High sensitivity DNA kit. Low- and high-DNA
markers, noted 35-bp and 10380-bp, respectively, were added in each sample prior to electrophoresis. The
average size of the sample after adaptor subtraction was ~170bp.
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3. Add 500 µl of IP buffer and 10 µl of 100 mM PMSF. 
 
3.2.4 Sonication (see Note 9) 
1. Aliquot 130 µl of the sample into six 1.5 ml DNA low binding grade tubes (6 tubes 
per sample).  
2. Set aside 100 µl of sample to serve as a non-sonicated control and place on ice. 
3. Sonicate samples using the Bioruptor® plus (Diagenode) or equivalent apparatus. 
Sonication conditions for Bioruptor: 3 rounds of 28 cycles of 30 seconds on, 30 
seconds off (see Note 10). 
4. Pool the 6 sonicated samples tubes into 1 tube. 
5. Centrifuge the sonicated and the non-sonicated sample for 30 minutes at 18,000 g 
at 4°C. 
6. Recuperate the supernatant into a new 1.5 ml tube. 
7. For the sonicated sample, aliquot 500 µl into 1.5 ml tube to serve as the sample to 
be immunoprecipitated (IP), and aliquot 100 µl into 1.5 ml tube to serve as the input 
(see Note 11). 
8. Test the efficiency of DNA fragmentation by either analyzing the DNA size using 
bioanalyzer (e.g. Agilent 2100) or agarose gel electrophoresis (see Figure 26). 
 
3.2.5 Immunoprecipitation 
1. Combine 500 µl of IP sample with the application-specific antibody at the required 
concentration (see Note 12), and incubate overnight at 4°C with gentle agitation 
(90 rpm). 
2. In a separate tube, add 25 µl of Protein A magnetic beads to 225 µl of blocking 
buffer and incubate overnight at 4°C with gentle agitation (90 rpm). 
3. For an IP negative control, prepare a tube containing 500 µl of sonicated IP sample 
that will receive IgG antibodies and will go through the same immunoprecipitation 
process as the IP sample. 
4. Recover the blocked Protein A magnetic beads by pelleting using a magnetic rack 
and discard the blocking buffer. 
5. Add the IP sample and antibody mixture to tube containing pre-blocked beads and 
incubate for 2 hours at 4°C with gentle agitation (90 rpm). 
6. Perform consecutive washes of the beads for 10 minutes with gentle agitation at 
4°C, precipitating the beads for at least 5 minutes between each wash (see Notes 
13, 14, 15). 
a. 1 wash with 300 µl 2x IP buffer 
b. 2 washes with 300 µl buffer 2 
c. 1 washes with 300 µl buffer 3 
d. 1 wash with 300 µl TE buffer 
 
3.2.6 IP samples: Elution, RNase and Proteinase K digestion 
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1. After the final wash, resuspend the beads in 300 µl of elution buffer (see Note 16 
and 17). 
2. Add 1 µl of RNase A at 10 mg.ml-1 (33.3 µg.ml-1 final concentration) and incubate 
for 1 hour at 37°C. 
3. Add 3 µl of proteinase K at 10 mg.ml-1 (0.1 mg.ml-1 final concentration), and 
incubate for 2 hours at 37°C. 
4. Pellet the magnetic beads using the magnetic rack and recover the supernatant in 
a new 1.5 ml tube (see Note 18). 
 
3.2.7 Input samples: RNase and Proteinase K digestion   
1. On ice, thaw the 100 µl of input and non-sonicated samples that had been 
previously frozen (step 7 from 3.2.4; see Note 19). 
2. Add 3.3 µl of 1 mg.ml-1 RNase A (dilute stock 10-fold; 33.3 µg.ml-1 final 
concentration) and incubate for 1 hour at 37°C. 
3. Add 1 µl of 10 mg.ml-1 proteinase K (0.1 mg.ml-1 final concentration) and 10 µl of 
10% SDS (final 1%), and incubate for 2 hours at 37°C. 
 
3.2.8 Reverse cross-link:   
1. All samples are incubated at 65°C overnight (~16 hours) to reverse formaldehyde 
cross-links.  
 
3.2.9 DNA Purification:  
1. Add 5 M NaCl to the ~300 µl of IP and ~120 µl of input and non-sonicated samples 
(1 M final concentration). 
2. Vortex for 30 seconds. 
3. Add one volume of CHCl3/Isoamyl Alcohol (24:1) mix. 
4. Vortex for 30 seconds. 
5. Centrifuge at 18,000 g for 5 min at 4°C. 
6. Recuperate the aqueous phase and place in a new 1.5 ml tube. 
7. Add 1 µl of glycogen at 20 mg.ml-1 and 0.7 volume of cold 100% isopropanol. 
8. Incubate at -80°C for 30 minutes. 
9. Centrifuge at 18,000 g for 30 min at 4°C and remove the supernatant. 
10. Rinse the pellet 2 times with 1 ml of cold 70% ethanol, centrifuging at 18,000 g for 
10 min at 4°C between each wash. 
11. Resuspend the DNA pellet in 100 µl of 10 mM Tris-HCl, pH 8.5. Check the DNA 
profile (see Note 20) and quantify the amount of DNA recovered (see Note 21).  
 
3.2.10 DNA library preparation 
1. Both immunoprecipitated (ChIP-DNA) and non-immunoprecipitated (input DNA) 
are used to prepare the DNA library for next generation sequencing. Many new 
sequencing machines can be used for the sequencing step (Illumina, Ion 
Torrent...), but the DNA Library preparation always involves the following steps: 
a. Repair of 3’ and 5’ ends. 
b. Preparation of adaptor ligated DNA. 
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c. Size selection. 
d. Amplification via Polymerase Chain Reaction (PCR) of adaptor ligated 
DNA. 
e. Clean up of amplified library. 
2. Prepare the libraries according to the manufacturers’ instructions. 
 
3.2.11 Next generation sequencing 
1. Prepare templates for sequencing using the DNA libraries. For this step the 
sequencing workflow differs depending on the sequencing technology used. Briefly, 
a. For the Ion Torrent technology, the library is clonally amplified by 
emulsion PCR (emPCR) onto Ion Sphere™ particles. In emulsion PCR 
methods, the surface of the spheres contains oligonucleotide probes with 
sequences that are complementary to the adaptors binding the DNA 
fragments. The spheres are then compartmentalized into water-oil 
emulsion droplets. Each of the droplets capturing one bead is a PCR 
microreactor that produces amplified copies of a single DNA template. 
Then, spheres are inserted into the individual sensor wells by spinning 
the chip in a centrifuge. Ion Torrent™ Technology directly translates 
chemically encoded information (A, C, G, T) into digital information (0, 1) 
on a semiconductor chip to provide the sequences of individual DNA 
fragments. 
 
b. For the Illumina technology, the DNA templates are bridge amplified to 
form clonal clusters inside a flow cell. The library is loaded into a flow 
cell, where fragments are captured on a lawn of surface-bound primers 
complementary to the library adapters. Each fragment is then amplified 
into distinct, clonal clusters through bridge amplification. Several million 
dense clusters of DNA are generated in each channel of the flow cell. 
Illumina technology utilizes a labeled reversible terminator–based 
method that detects single bases as they are incorporated into DNA 
template strands. Successive sequencing cycles provide the sequence 
of individual DNA fragments. 
2. Perform high-throughput sequencing. We use single-ends sequencing as paired-
ends do not provide advantages in ChIP-seq (for most cases). We recommend to 
obtain over 10 million reads for high resolution ChIP-seq with bacterial genomes, 
especially when more information in the ChIP-seq pattern than just binding sites 
is sought after. 
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3.2.12 Software available for ChIP-seq data analysis and publication 
1. For peak visualization, convert ChIP-seq data file to BEDGRAPH format. This 
format allows for its use in Integrated Genome Viewer, which displays the entirety 
of ChIP-seq data with the possibility to view several datasets simultaneously. 
Assess the reads quality using FastQC.  
2. Map the reads to the reference genome. We used TMAP (Torrent Suite Software) 
but other software packages are available (BowTie, BWA). Reads count was 
determine using Genomecov bedtool. Alternatively, the Galaxy platform 
(https://galaxyproject.org/) also offers a full workflow and data integration system. 
3. Use CLC sequence viewer to determine the exact sequence of peaks on genome 
with the capability to select and copy sequences. Reference genome of ChIP-seq 
experiments must be in FASTA format. 
4. To analyze specific sections of ChIP-seq data, we have found that Excel (Microsoft) 
provides a user friendly interface to analyze in detail, portions of ChIP-seq data. 
The limitation of Excel is that it is unable to show the entirety of data, as the file 
size becomes too large. ChIP-seq data must be in .txt format.  
5. R also works as a powerful tool to analyze ChIP-seq data, but requires prior 
knowledge on the usage of the interface. 
6. The Gene Expression Omnibus (GEO) database is a major repository that stores 
high-throughput functional genomics datasets that are generated using both 
microarray-based and sequence-based technologies (Clough and Barrett, 2016). 
Datasets are submitted to GEO to be made freely available to the reviewing 
process of publication and subsequently for further analysis by the scientific 
community. In addition to serving as a public archive for these data, GEO has a 
suite of tools that allow users to identify, analyze and visualize data relevant to their 
specific interests. 
____________________________________________________________ 
4 Notes 
1. Lysozyme must be stored at -20°C, therefore the addition of lysozyme to the lysis 
buffer is done at the time of the experiment and is added to each sample 
individually. 
2. PMSF must be stored at -20°C, therefore the addition of PMSF to the 2x IP buffer 
is done at the time of the experiment and is added to each sample individually. 
3. A high level (~100 µg) of the protein of interest is required to purify a large amount 
of specific, polyclonal antibodies from the serum. Proteins can either be produced 
as a his-tagged recombinant, purified in a one-step procedure using Nickel-affinity 
chromatography purification, or through a native purification procedure. In this latter 
case, enriched side fractions which are usually discarded could be used to avoid 
to wasting the protein of interest. Crude extracts are not suitable for use in this 
antibody purification procedure. 
  
Figure 27: Optimization step and control of immunoprecipitation. Western blot analysis of ParBVc1 
proteins from crude cell extracts of Vibrio cholerae (lanes 1-2) or purified ParBVc1 protein (0.38 µg; lanes 
3-7) after SDS-PAGE (4-16%). ParBVc1 proteins are from the ParABS system present on chromosome 1 of 
V. cholerae. Protein samples were subjected (+) or not (-) to immunoprecipitation (IP) using the indicated 
amount (µg) of purified anti-ParBVc1 antibody. The optimal antibody concentration for 
immunoprecipitation was determined with increasing amount of antibody. The total amount of ParBVc1 
contained in the sample was recovered using 7 µg of anti-ParBVc1 antibody (compare lanes 5 and 6). 
Molecular weights (kDa) are indicated on the left.
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4. When rinsing the strip with Ponceau S, protein band may be difficult to distinguish. 
To eliminate the staining of Ponceau S on surrounding areas, rinse with sterile 
water. 
5. Protein strips can be stored at 4°C and re-used for antibody purification up to 7 
times. To re-use a protein strip, start antibody purification protocol at step 7. 
6. Each sample is separated into two tubes. Tube 1 serves as the experimental 
sample, and tube 2 serves as a safety sample. 
7. This is a freeze point. Flash freezing of pellets must be done with liquid nitrogen 
and stored at -80°C until needed. 
8. Some proteins may be sensitive to proteolysis during the lysis step. In this case, 
we recommend the addition of Protease Inhibitor Cocktail Tablets (cOmplete™, 
Mini, EDTA-free Protease Inhibitor Cocktail (Roche)) in the lysis buffer. 
9. We recommend using the Bioruptor® Plus. The described sonication conditions that 
ensure reliable DNA fragmentation are adapted to this instrument (see sonicator’s 
instructions) and results in a similar distribution of the DNA fragments size. 
Importantly, if using another instrument it is imperative to properly adapt the 
sonication conditions. We recommend verifying the size of the DNA fragments of 
each sample after sonication as variations may bias subsequent analyses. Set the 
cooling device of the sonicator Bioruptor® Plus at 4°C 30 minutes before use. 
10. During sonication, the sonicator water bath must be maintained at 4°C, as it is 
critical to keep the samples at a low temperature. In between sonication rounds let 
the sonicator cool down for 10 minutes, as Bioruptor sonicator will shut off in the 
middle of sonicating if overheated. 
11. This is a freeze point. Samples can be stored at -20°C or -80°C. Input and non-
sonicated samples will rejoin the protocol at the DNA purification step. 
12. Antibody concentration used for immunoprecipitation varies based on protein of 
interest. It is recommended to perform immunoprecipitations using purified protein 
and several concentrations of antibody to determine the amount needed for ChIP 
(see Figure 27). 
13. When re-suspending magnetic beads between washes, avoid creating bubbles as 
this will result in inefficient bead pelleting and bead loss. 
14. Filter or low retention tips are not required, but can reduce sample loss during re-
suspension steps. 
15. Bead pelleting can be performed at room temperature. 
16. From this point, it is possible to finish the procedure with the IPure kit v2 
(Diagenode) to complete the elution, reverse cross-link and purify DNA. 
17. To control immunoprecipitation efficiency, recover 5 µl of IP elution sample and add 
20 µl of elution buffer. Heat at 65°C for 15 minutes then place sample on magnetic 
rack, and recuperate cleared sample. Mix with sample buffer and use 10 µl to 
analyze through Western blotting. 
18. Reverse cross-link is performed in the absence of the magnetic beads. 
19. As a control of the protein baseline to test for immunoprecipitation efficiency, 
recuperate 5 µl of input sample and add 20 µl of 2x IP buffer. Heat at 65°C for 15  
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minutes then place sample on magnetic rack, and recuperate cleared sample. Mix 
with sample buffer and use 10 µl to analyze through Western blotting. 
20. To determine the sonication profile of the input and non-sonicated samples, purified 
DNA can be run on a 0.5x TBE, 1.8% agarose gel to observe a DNA smear 
indicating the average fragment size per sample. In addition, the use of a 
bioanalyzer is highly recommended for automated sizing with a more precise and 
digital format of DNA sample fragment sizes. 
21. For precise quantification of DNA quantity, we strongly recommend the use of the 
Qubit® 3.0 Fluorometer for Input and IP samples prior to library preparation. DNA 
recovery for IP samples can vary significantly, from 2 ng up to 200 ng, as it depends 
on the proteins of interest and the quality/specificity of the corresponding 
antibodies. We usually construct DNA libraries using 2 ng of IP or Input DNA 
samples. 
 
 
 
 
The final published version will be available on Springerlink.com 
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3.3-Supplementary ChIP-seq experimental information 
  
AB
Figure 28: The volume of samples to be sonicated affects fragmentation efficiency. Samples were sonicated
in 1.5-ml lo-bind Eppendorf tubes for three rounds of 28-cycles of 30 second sonication bursts. Purified DNA
was analyzed using a bioanalyzer (Agilent 2100) to determine fragmentation profile. The graphic
representation of the DNA fragmentation profile displays a relative frequency unit on the y-axis and the
fragment size in basepair on the x-axis. To the right of the graph is the representation of the DNA sample as it
appears on the automated electrophoresis chip. A) Sample was sonicated using a volume of 130 μl. The
resulting DNA fragments ranged from 50-500 bp with an average peak at ~200-bp. B) Sample was sonicated
using a volume of 300 μl. The resulting DNA fragments ranged from 50-1500 bp.
1500-bp
15-bp
15-bp
1500-bp
300 µl
130 µl
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3.3.1-DNA fragmentation 
The difficult optimization process for ChIP-seq DNA fragmentation is a common obstacle 
to high-quality results. A trial-and-error approach is necessary to fine-tune the conditions of the 
fragmentation procedure in order to obtain the desired fragment sizes. The use of an automated 
ultrasound sonicator with a water bath ensures that the entirety of the sample is exposed to the 
ultrasound allowing the samples to be sonicated in a homogenous manner. This method also 
prevents problems associated with probe sonicators such as sample cross-contamination, sample 
loss, human error, and uneven distribution of sonication waves. As the resolution of the ChIP 
procedure is determined by the DNA fragment sizes used in the experiment, it is pertinent to 
produce reproducibly small fragment sizes to obtain data closest to the actual binding site for the 
protein of interest (Park, 2009).  Sonication procedures that results in fragment sizes out of a 
certain range can be damaging for sequencing purposes. A fragment size threshold is a constraint 
imposed by sequencing technologies, which generally select DNA fragments of around ~160-360-
bp to be sequenced (Ion ProtonTM), during the library preparation process.  It is therefore in the 
best interest for the experiment to have an average fragment size around 200-bp to ensure that 
the majority of the experiments DNA is sequenced and not lost due to fragment sizes being too 
large or too small. Many factors influence the efficiency of fragmentation, and this section will 
specifically address those associated with sample volume and fragmentation time. 
The volume of the sample undergoing sonication is important due to the nature of the 
DNA shearing process. When the ultrasound waves pass through the sample, the liquid expands 
and contracts creating negative pressures that pull the molecules away from each other forming 
a cavity. Once the pressure is no longer able to sustain itself, the cavity ruptures, creating the 
mechanical forces necessary to shear DNA. This process does not occur on a sample volume that 
is too small, as the volume does not allow the cavitation process to occur. A sample that has too 
large a volume however, will not receive enough ultrasound to efficiently create enough 
mechanical force to sheer DNA. The volumes suitable for the type of sample receptacle used for 
sonication experiments are generally outlined in the user manual of the sonicator. For the  
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Figure 29: Quantity of sonication cycles impacts 
the extent of DNA fragmentation. Samples were 
sonicated in 1.5-ml lo-bind Eppendorf tubes with 
either 15, 30, 60, or 75 cycles of 30 second sonication 
bursts. Purified DNA was analyzed through A) gel 
electrophoresis at 25V for 18-hours on a 1.8% 
agarose gel and, B) (i-iv) using a bioanalyzer (Agilent 
2100). The graphic representation of the bioanalyzer 
DNA fragments are represented as in figure 28.
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Bioruptor® UCD300, the sample volume range of a 1.5 mL tube is between 100-300 µl. Differences 
in sonication efficiency due to volume size is evident when testing the same biological sample in 
the same sonication conditions with different sample volume. The DNA fragmentation profiles of 
samples sonicated in three rounds of 28-cycles of 30 sec ON and 30 OFF, with a sample volume 
of either 130 µl or 300 µl, were visualized using a bioanalyzer (Agilent 2100). The profile of the 
130 µl sample shows a fragmentation profile with fragments ranging from ~50-bp to ~500-bp (Fig. 
28A). In contrast, the profile of the 300 µl sample shows a more disperse fragmentation profile 
ranging from ~50-bp to ~1500-bp (Fig. 28B). This evidence reveals that DNA fragmentation by 
sonication varies with sample volume. A sample volume of 130 µl was used in all ChIP-seq 
experiments of this project.  
The quantity of fragmentation cycles is also an important factor to take into consideration, 
as it is directly correlated to the level of fragmentation. Not enough fragmentation cycles result 
in large DNA fragments unsuitable for ChIP-seq, whereas over fragmentation can have 
detrimental effects on the experiment itself. Problems associated with over-fragmentation are 
generally a result of the heat produced during the sonication process, which could reverse cross-
links as well as degrade the proteins necessary for the subsequent immunoprecipitation. Over-
fragmentation of DNA could also result in fragment sizes that are too small for the sequencing 
library preparation. Finding the optimal sonication time for experimental conditions are highly 
variable based on genome size, sample composition, and organism, with no universal sonication 
condition. It is therefore important to determine optimal fragmentation by testing a wide range 
of sonication conditions followed by DNA purification and verification of fragment sizes. Objecting 
the same biological sample to a range of sonication conditions, for example 15-min of sonication 
to 75-min, followed by visualization via gel electrophoresis or bioanalyzer of purified samples 
measures the difference in DNA fragmentation profiles (Fig. 29A-E). This test shows that longer 
sonication times resulted in smaller DNA fragment sizes. For the ChIP-seq procedure of this 
project, with both E. coli and V. cholerae samples, the parameters of three rounds of 28 cycles of 
sonication resulted in the desired average fragment size described above of ~200-bp. Splitting the 
84 cycles of sonication into three rounds ensured that the sonicator did not overheat, and kept  
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Figure 30: The length of sequenced DNA fragments impacts genome alignment to highly repetitive genomic
regions. Formaldehyde-treated cells carrying plasmid F were immunoprecipitated with anti-ParBF antibodies.
The graphic representation of the ParBF binding profiles are presentated with the number of reads plotted
versus the genomic coordinates. A) ChIP-seq of ParBF-binding pattern of plasmid F pOX38B (55-kb; Sanchez et
al., 2015). Sequencing was performed using an Illumina sequencer resulting in an average sequence read length
of ~50-bp. The first nucleotide inthe 5’ position of sequences were mapped to the plasmid F genome. The
alignment of sequences within parSF was not possible due to short sequence read lengths. B) ChIP-seq of the
ParBF binding profile on the F1-10B plasmid (100-kb). Sequencing was done using an Ion Torrent™ sequencer
with an average sequence read length of ~170-bp. Sequenced fragments were mapped using the bedtools
genome coverage with an –fs option.
A
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samples at the optimal temperature of 4˚C. These sonication parameters gave highly reproducible 
results and were used for each ChIP-seq sample. 
 
3.3.2-Sequencing methods 
 The effects on the quality of ChIP-seq data does not end with the experimental handling 
of the samples. In fact, the choice of sequencing and data-analysis methods are important factors 
that can have a high impact on the caliber of the data obtained from sequenced DNA. This section 
will focus on the considerations of DNA sequence read length, as well as the computing method 
used to annotate mapped reads.  
High-throughput DNA sequencing has become widely available and affordable within the 
last two decades.  As a result, multiple sequencing technologies have arisen such as Illumina and 
Ion Torrent™, that each provide their own sets of advantages and disadvantages (Boland et al., 
2013; Salipante et al., 2014). One difference among sequencing methods is the length of the 
sequence reads produced. Several years ago, Illumina technology was only capable of sequencing 
~25-50 nt of a DNA fragment, whereas advancements in technology now allow for up to 300 nt 
of paired-end sequences. Sequences produced from Ion Torrent methods, can result in a DNA 
sequences of up to 200 nt. The importance of the size of the DNA sequence relates to the 
subsequent alignment of these sequences to a reference genome for data analysis.  In the case 
of short sequence reads (~25-50 nt), alignment can cause problems in regions of highly-repeated 
sequences, as the sequence cannot be designated to a specific repeat site. However, if the 
sequence is longer (~200 nt), it can give more information on the genetic context of the fragment 
and can more easily be aligned on the reference genome.  
The importance of sequence length became evident when comparing a ChIP-seq data set 
obtained in 2014 using an Illumina sequencer that resulted in DNA sequences on average of ~50-
bp (Fig 30A; Sanchez et al., 2015), to a dataset obtained in 2016 using an Ion Torrent sequencer 
resulting in DNA sequences on average of ~170-bp (Fig. 30B; see section 4.2). Both datasets were 
taken from ChIP-seq experiments investigating the binding behavior of the ParB protein on 
plasmid F DNA. ParB binds specifically to a parS centromere-like sequence that represents a 520-
bp region that is composed of twelve, 43-bp tandem repeats containing ten 16-bp specific sites  
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Figure 31: Comparison of 5’ counting vs. bedtools genomecoverage –fs method.
A) Superimposed ChIP-seq data of V. cholerae’s chromosome-1 ParBV.c1 binding profile showing the ParBV.c1
spreading region. The data is plotted as the number of sequence reads versus the genomic coordinates. The
green dots represent the 5’ counting method and the black line represents the bedtools genomecoverage –fs
method with the specified fragment size set to 242 bp. The –fs curve was normalized by dividing the dataset by
the fragment size 242.
B) Zoom of the 2-kb surrounding the parSV.c1-1 peak. The red dot on the graph indicates the genomic position of
parSV.c1-1.
A
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for ParB (Helsberg and Eichenlaub, 1986; Mori et al., 1986). Due to the repetitive nature of the 
parS sequence, the short DNA sequences produced by Illumina were unable to be aligned within 
this region, leaving the ParB binding behavior within parS unknown. The ensemble of sequences 
unable to be aligned within the parS region were then used to calculate the average binding of 
ParB to estimate ParB’s binding profile.  However, alignment using longer ~170-bp Ion Torrent 
produced sequences were possible within parS due to the larger sequence size that included more 
information on the surrounding genomic context. With longer DNA sequences, we were able to 
obtain a complete picture of the ParB binding profile including the repetitive genomic locations 
within parS. The widespread presence of repetitive elements among prokaryotic genomes (Rocha 
et al., 1999), can hinder the capability of aligning ChIP-seq data to certain genomic regions making 
DNA sequence length an important detail to take in consideration when choosing a sequencing 
method.   
 
3.3.3-Data analysis 
Another important factor to consider is the method used to map sequence reads, which 
result in the binding profile of the immunoprecipitated protein. Several different methods exist, 
and it is necessary to choose a counting method adapted to the desired results for ChIP-seq. The 
goal of ChIP-seq is to determine a binding profile for a protein of interest.  This information is 
extracted from the DNA fragments that have been co-immunoprecipitated with the protein of 
interest, which vary in fragment length based on the experimental conditions. The protein of 
interest can be bound anywhere along the DNA fragment, and it is therefore necessary to choose 
a counting method that reflects this possibility to obtain a profile most closely resembling the in 
vivo binding behavior. The importance of the method to map sequence reads was exemplified 
with ChIP-seq on ParB of V. cholerae. In this organism, ParB binds to three, 16-bp binding sites 
that are approximately equidistant over 7-kb (Fig. 31A) (Yamaichi et al., 2007). The mapping 
method chosen, which had been the method used to map previous 2014 ChIP-seq experiment 
mentioned above (Sanchez et al., 2015), maps only the 5’ position of both the forward and reverse 
DNA sequence strands to the reference genome. The 5’ mapped positions are expected to occur 
equally on both the forward and reverse strands. The resulting individual strand distribution of  
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the mapped sequence reads would therefore occur both upstream and downstream by half the 
sequenced fragment length of the actual protein binding site (Pepke et al., 2009). The resulting 
ParB binding profile of V. cholerae resulted in two symmetrical Gaussian-like distributions, with 
the parS sequence located in the middle of the two peaks (green dots; Fig. 31A-B). This method 
results in the coverage of the 5’ position of the DNA fragment rather than the totality of the 
fragment. To obtain a more complete resolution of the ParB binding profile, we turned to the 
genome coverage bedtools computing method with the –fs option that forces the user to provide 
the experimental fragment sizes obtained through the ChIP-seq protocol. As protein binding can 
occur anywhere along the immunoprecipitated DNA fragment, this method extends the mapped 
reads in a 5’-3’ direction up to the experimentally determined fragment size, with the resulting 
binding profile expected to give a peak at the actual protein binding site (Jothi et al., 2008). 
Analysis of the same ChIP-seq data of the V. cholerae ParB experiment using the genome coverage 
-fs method resulted in a dataset with the profile peaks centered at the parS sites (black line; Fig. 
31B-D).  The precision in this case afforded by the sequence mapping method was of particular 
interest to us because of previously described binding profiles for V. cholerae ParB. In Baek et al., 
2014, ChIP-chip data indicated that ParB binding did not peak precisely at the three cognate parS 
sites, rather the three peaks were shifted towards the central parS site. With our data, using a 
high-resolution ChIP-seq technique and a sequence mapping method adapted to the fragment 
size of the experimental conditions, we were able to demonstrate ParB of V. cholerae binds 
specifically at each parS site, highlighting the importance of correct data analysis.  
 
3.4-Conclusions  
This chapter provided a robust and optimized ChIP-seq protocol that included useful 
strategies to take into consideration for its application. ChIP-seq is a powerful technology for 
investigating genome-wide protein-DNA interactions, and is most frequently used to determine 
protein DNA-binding sites. For my thesis research, we were interested in the pattern of ParB non-
specific DNA-binding flanking its specific interaction with parS in the formation of the partition 
complex. We employed ChIP-seq to probe global partition complex formation and adapted our 
procedure to obtain high-quality results that could be used as an in vivo template for the  
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comparison of physico-mathematical modelling. In order for a comparison between in vivo and in 
silico binding patterns to be informative, a high signal to noise ratio is ideal, as in silico methods 
do not take into consideration experimental background levels. Here, we outlined the important 
technical considerations both experimentally and analytically to obtain the desired high-quality 
ChIP-seq results compatible for in silico comparison, and we hope this will be a helpful asset for 
future ChIP-seq experiments.  
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Chapter 4: Characterization of ParB-parS 
partition complex assembly  
If we strive, 'tis no disgrace 
Though we do not win the race; 
What should you do in the case? 
Try, try again… 
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4.1-Introduction  
 Of the three partition types, type I is the most widespread on plasmids and the only one 
found on chromosomes (reviewed in Bouet et al., 2014; Salje, 2010). The proper positioning of 
origin proximal DNA is dependent on the interactions of the three partition system components, 
ParABS: ParA, a Walker A cytosqueletal ATPase, ParB, a DNA binding protein, and parS, a 
centromere sequence to which ParB binds.  
To study this process, we use the type I partition system of E.coli’s plasmid F as a model 
system (Ogura and Hiraga, 1983). The parSF centromere sequence is composed of twelve 43-bp 
tandem repeats (Helsberg and Eichenlaub, 1986), which contain ten 16-bp inverted repeats that 
serve as specific binding sites of ParBF (Pillet et al., 2011). Partition complexes are formed through 
the binding of ParB specifically to parS and non-specifically to DNA regions flanking the parS site 
(reviewed in Funnell, 2016). This phenomenon of ParB “spreading,” defined as high-frequency 
ParB binding outside of its specific parS binding sites, is conserved among chromosomal and 
plasmid ParB’s (Baek et al., 2014; Donczew et al., 2016; Graham et al., 2014; Lagage et al., 2016; 
Lynch and Wang, 1995; Rodionov et al., 1999; Sanchez et al., 2013).  
ParB spreading is only observed on centromere proximal DNA and the manner ParB 
interacts with DNA in this region is still under debate. There are three current models to explain 
how ParB molecules spread: 1-D linear filament (Rodionov et al., 1999), spreading and bridging 
(Broedersz et al., 2014; Graham et al., 2014), and nucleation and caging (Sanchez et al., 2015)(see 
section 1.2.4.3c). This chapter will focus on the work completed to validate and/or exclude one 
of the current ParB binding models. To accomplish this, the project was based on a collaboration 
between theoretical physicists and experimentalists to combine in vivo datasets with in silico 
mathematical modeling. I functioned as the main experimentalist on this project, performing all 
of the ChIP-seq and epifluorescence microscopy, strain construction and validation, as well as 
participation in the experimental design. The ensemble of the data gained in this project show 
strong evidence in support of the nucleation and caging model, with substantial data that exclude 
other proposed models. A part of this work is in preparation for publication and will be presented 
as such in the first section of this chapter. The article draft contains certain aspects of the  
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mathematical modeling of Monte-Carlo simulations in progress. The chapter finishes with a 
section containing the results and discussion of complementary data.  
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4.2- The stochastic self-assembly mechanism of ParB-parS partition 
complexes is conserved on bacterial chromosomes and plasmids 
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4.2.1-Introduction  
The segregation of DNA is an essential process for faithful inheritance of genetic material. 
Minimalistic active partition systems, termed Par, ensure this key cell cycle step in bacteria 
(Baxter and Funnell, 2014) and archaea (Schumacher et al., 2015). Three main types of bacterial 
partition systems have been identified and classified by their NTPase signatures. Of these, the 
type I, also called ParABS, is the most widespread on plasmids and the only one present on 
chromosomes (Yamaichi and Niki, 2000). Each replicon encodes its own ParABS systems, and their 
proper intracellular positioning is dependent on the interactions of the three ParABS 
components: ParA, a Walker A cytoskeletal ATPase, ParB, a DNA binding protein, and parS, a 
centromere-like DNA sequence to which ParB binds. The ParA-driven mechanism ensuring the 
proper location and oriented segregation of the ParBS partition complexes relies on anchoring to 
nucleoid DNA and on Brownian-ratchet diffusion that occur within the nucleoid volume (Hwang 
et al., 2013; Le Gall et al., 2016; Walter et al., 2017). How ParBS partition complexes are assembled 
and organized into high molecular weight structures is not well-understood. 
 The parS centromere-like DNA sequences are typically composed of a 16-bp inverted 
repeat (Lin and Grossman, 1998; Mori et al., 1986). These sequences are self-specific to their 
cognate ParABS system, except the parS sequences present on bacterial chromosome - or the 
main chromosome in the case of multi-chromosome species - which are highly similar (Dubarry 
et al., 2006; Livny et al., 2007). The parS sequences are present in a few copies, from 1 to ~20, 
close to the origin of replication of both chromosomes and plasmids. ParB proteins bind with high 
affinity to parS as dimers (Bouet et al., 2000; Hanai et al., 1996). This specific binding serves as a 
nucleation point to assemble high molecular weight ParB-parS complexes, as initially seen by the 
silencing of genes present in the vicinity of parS upon ParB overexpression (Lobocka and 
Yarmolinsky, 1996; Lynch and Wang, 1995). However, at a physiological expression level, ParB 
was also shown to be physically present up to 10-kb away from parS sites in all ParABS systems 
studied to date (Donczew et al., 2016; Lagage et al., 2016; Murray et al., 2006; Rodionov et al., 
1999; Sanchez et al., 2015). This phenomenon, termed spreading, refers to the binding of ParB to 
centromere-flanking DNA regions in a non-specific manner. Super-resolution microscopy shows 
that over 90% of ParB dimers are present in highly concentrated clusters assembled at their  
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cognate parS sites (Sanchez et al., 2015). The propagation of ParB laterally on DNA is reduced by 
nucleoprotein complexes such as replication initiator complexes in the case of the P1 and F 
plasmids (Rodionov et al., 1999; Sanchez et al., 2015) or repressor-operator complexes on the 
bacterial chromosome (Murray et al., 2006). This ‘roadblock’ effect has led to the proposition that 
ParB propagates uni-dimensionally on both sides of parS sites, in a so-called ‘1D-filament model’. 
However, this model was questioned because (i) the quantity of ParB dimers was insufficient to 
cover the observed spreading zone, and (ii) ParB binding to DNA adjacent to parS is not observable 
using biochemical methods. 
As an alternative to the ‘1D-filament’, two main models for ParB assembly on parS and its 
vicinity have been proposed, namely ‘Spreading and bridging’ (Broedersz et al., 2014; Graham et 
al., 2014), and ‘Nucleation and caging’ (Sanchez et al., 2015). Both models rely on a high level of 
clusterization of ParB around parS as recently measured by in vivo single molecule localization 
microscopy using PALM (Sanchez et al., 2015). On one hand, the ‘Spreading and bridging’ model, 
based on in vitro single molecule assays, proposes that limited nearest neighbour interactions 
between ParB (1-D spreading) bound at parS and non-parS DNA, in combination with their 
subsequent bridging (3-D interactions) condense these ParB-bound DNAs in a large complex 
compacting the DNA (Broedersz et al., 2014; Graham et al., 2014). However, the experiments 
were unable to recapitulate the in vivo requirement for parS DNA or to explain the reversibility of 
the DNA compaction in vitro upon addition of competitor DNA (Taylor et al., 2015), a condition 
that more closely resembles the in vivo environment with high DNA concentration. On the other 
hand, the ‘Nucleation and caging’ model (Fig. 32A), based on in vivo ChIP-sequencing data and 
biochemical assays, proposes that the combination of synergistic interactions, ParB-ParB and 
ParB-nonspecific DNA (nsDNA), cluster available ParB dimers around the parS site where ParB 
dimers are strongly bound (Sanchez et al., 2015). In this model, the multiple dynamic interactions 
that confine most of the ParB are not required to occur simultaneously or to bridge the DNA. 
Therefore, this latter model does not require that ParB-bound DNA is compacted but proposes 
that the ParB binding pattern is directly correlated to the probability that the parS-proximal DNA 
loops back in the highly confined ParB cluster nucleated at parS patterning the DNA stochastically.  
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Interestingly, these two models have been physically modelled (Broedersz et al., 2014; Sanchez 
et al., 2015), and therefore their predictions could be experimentally tested.  
In order to discriminate between the current ParB assembly models, we performed ChIP-
sequencing along with epifluorescence microcopy experiments using the archetypal Par system 
of the plasmid F. Varying several key parameters, such as the size of the DNA molecule carrying 
parSF, the ParBF level, and the presence of nucleoprotein road-blocks, allowed for the 
measurement of the induced change in the ParB binding pattern, and the subsequent evaluation 
of these changes in relation to each model prediction. We also investigated a naturally occurring 
chromosomal ParABS system, namely the one present on the main chromosome of Vibrio 
cholerae (V. cholerae). Our data indicate that the propagation of ParB from parS sites robustly 
correlates to the ‘nucleation and caging’ model in all conditions tested.  
 
4.2.2-Results 
 
4.2.2.1-ParBF distribution pattern around parSF is similar on chromosome and plasmid 
DNA 
The plasmid F partition complex assembly has been previously investigated using smaller 
versions of the original 100-kb plasmid, either ~10-kb mini-Fs for genetics and epifluorescence 
microscopy or a ~55-kb version for ChIP-sequencing (Sanchez et al., 2015). To determinate 
whether the size of the parSF-carrying DNA molecule changes the behavior of ParBF spreading, we 
used a native plasmid F (100-kb; F1-10B) and a larger, non-plasmid DNA molecule, i.e. the E.coli 
chromosome (4.6-Mb). In the plasmid F, we introduced a mutation in the ccdB toxin gene (F1-
10B) and subsequently a fluorescently-tagged version of ParBF (F1-10B parB-mVenus). F1-10B 
parBF-mVenus cells displayed bright ParBF-mVenus foci in epifluorescence microcopy (DLT3589; 
Fig. 32B) indicating that the assembly of the highly concentrated ParBF clusters is unperturbed 
compare to the mini-F (Sanchez et al., 2015). To study partition complex assembly on the E. coli 
chromosome, the parSF sequence was inserted at the Ori proximal xylE locus (xylE-parSF) in strains 
either expressing (DLT2075) or not (DLT2073) ParBF from the native lac promoter. First, we 
verified that in this genomic context ParBF was also able to assemble in clusters by introducing a  
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Figure 32: ParBF spreading is similar on plasmid and chromosomal DNA
A) Schematic representation of the ‘Nucleation & Caging’ model describing the stochastic binding of ParB on
DNA in the spatial vicinity of the parS centromere-like site (black rectangle). The ParB dimers are highly
confined in a sphere centered on parS (dotted circle) by interacting specifically with parS sites (red circles) or
non-specifically to DNA (green circles). The DNA physically linked to parS (red line) is statistically more present
in the spatial vicinity of parS defined by the sphere of high ParB concentration, than parS-unlinked DNA (blue
lines). DNA unlinked to parS may be present on either a different DNA molecule, or on the same DNA molecule
at genomic distance greater than 15-kb.
B) Epifluorescence microscopy showing the assembly of partition complexes with respect to the nucleoid. ParBF
foci (left panel), Hu-mCherry showing nucleoid positioning (middle panel), and an overlay of the two images
(right panel) for the plasmid F1-10B expressing parB-mVenus are visualized in E. coli strain DLT3589 C) High-
resolution ChIP-seq of ParBF-binding pattern. Formaldehyde-treated cells carrying the of strain DLT3586
containing the plasmid F1-10B were immunoprecipitated with anti-ParBF antibodies. The DNA recovered was
quantified by deep sequencing and the number of reads were normalized to 1 at parSF. Binding frequency is
plotted versus the genomic distance from parSF (only reads up to 14-kb on the right of parSF are shown). The
Monte-Carlo simulation (red line) displays the prediction of stochastic binding according to formula in the main
text. (Inset) Full representation of the spreading regions of ParBF for strain DLT3586 D) As in (B) for strain xylE-
parSF with a pSC101-vector expressing parB-mVenus in E. coli strain DLT3584. E) As in (C) for strain xylE-parS
containing 16-fold wild-type ParB expression (DLT2075) (Fig S1).
A
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plasmid expressing the fluorescently-tagged ParBF-mVenus (pJYB294) in xylE-parSF, which 
displayed bright and compact foci in all cells (DLT3584; Fig. 32D), as seen for the plasmid F (Fig. 
32B). This indicates that ParBF are able to assemble in dense clusters on parSF present on the E. 
coli chromosome. These foci were generally positioned in agreement with the xylE genomic 
location of the Ori macro domain at mid and quarter-cell positions (Espeli et al., 2008).  
Next, we performed ChIP-sequencing using anti-ParBF antibodies to compare the ParBF 
binding patterns on the 100-kb plasmid (F1-10B; DLT3586) and the chromosome (xylE-parSF; 
DLT2075). For F1-10B plasmid (Fig. 32 C), we observed a ParBF binding pattern extending over 
~18-kb of parSF-flanking DNA identical to the one previously observed on the smaller version of 
the plasmid F (~55.5-kb)(Sanchez et al., 2015). Both the asymmetrical distributions arising from 
RepE nucleoprotein complexes formed on the left side of parSF on incC and ori2 iterons, and the 
dips and peaks in the signal are conserved. In the case where parSF is present on the chromosome, 
the ParBF binding pattern displays a similar enrichment of parSF-flanking DNA over ~15-kb (Fig. 
32E). The ParBF distribution extends ~9- and ~6-kb on the right and left sides, respectively. An 
identical ParBF binding pattern was observed with parSF inserted in the reversed orientation in 
xylE (xylE-parSFrev; DLT2076; See section 4.3.3), indicating that the asymmetrical pattern does not 
depend on parSF orientation. Interestingly, on the left side, ParBF binding pattern ends nearby the 
ygbE locus (locus A), harboring two gene promotors, an IHF binding site, and a Rho independent 
termination site. This suggests that nucleoprotein complexes within this locus may behave as 
effective roadblocks of ParBF binding pattern. The ParBF spreading in the region to the right of 
parS ends at the genomic locus of a promoter-less gene yjbI (locus B), and the reason for the drop 
of ParBF binding at this locus is unclear. These data clearly indicate that the ParBF binding 
distribution around parS does not depend on the size and/or the nature of the DNA molecule, 
plasmid or chromosome. This suggests that the global ParBF binding pattern is only locally 
affected at given loci that reduce the binding probability of ParBF. 
We previously proposed that a power-law with an exponent of -1.5 could describe the 
ParBF binding profile on the smaller version of the plasmid F (Sanchez et al., 2015). To take into 
account the initial drops in the ParBF binding directly adjacent to parSF, we refined our modeling 
based on a sphere of high concentration of ParB proteins centered on the parSF site. Due to  
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thermal fluctuations, when the DNA molecule resides inside the sphere, ParBF binding and 
unbinding to nsDNA depends both on its affinities and its concentration inside the sphere. In this 
scenario, the DNA polymer is considered as a self-avoiding worm-like chain. These elements are 
captured in the following formula:  ParB density = ∫v d3 r P(r, s) C(r) PL (s) where
 is the probability for two loci spaced by a genomic distance s to be at a 
distance r in space (for a Gaussian polymer);   √	 is the equilibrium size of DNA and a is 
the persistence length of the DNA molecule; is the density of ParB at a radial distance 
r from the centromere, and σ is the typical size of the cluster; and is the Langmuir 
probability of having a ParB dimer attached to the DNA when it resides in the high density region 
of ParB with as the sequence-dependent binding affinity of ParB with DNA. This framework 
is able to better describe the ChIP-Seq profile in figures 32C and E for the plasmid F and the 
chromosome of E. coli, respectively. The initial drop in ParBF binding at a short genomic distance 
(<100 bp) from parSF is explained by the difference of ParBF binding affinities between specific 
parSF sites (~2 nM) and non-specific DNA (~300 nM) (Ah-Seng et al., 2009). At larger distances, 
the power-law decay is due to the decreasing probability as a function of the genomic distance 
from parSF of the DNA to come back into the high-density region (Sanchez et al., 2015). This model 
defines three free parameters: we used the cluster radius size of σ = 75 nm, the persistence length 
a = 10-bp and a = 23-bp for the plasmid F and the chromosome, respectively, and the binding 
affinity of ParBF for non-specific sequences (nsDNA) is , where KB is the 
Boltzmann constant and T the absolute temperature. The affinity of ParBF at specific sites is 
chosen in order to have a density close to 1 at parS. Such a fitting correlated with the experimental 
data on the full length plasmid F (F1-10B) and on the chromosome (xylE-parSF) as best seen on 
the longest distribution side (Fig. 1 C&E). Thus, using these defined parameters, the refined 
‘nucleation and caging’ model provides a qualitative prediction of the experimental data. 
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4.2.2.2-Robust ParBF DNA binding pattern over a wide range of ParBF concentration 
favors the ‘nucleation and caging’ model  
Physical modeling of ParB spreading predicts distinct and characteristic responses of the 
two models upon variation of intracellular ParB level (Broedersz et al., 2014). Briefly, (i) the ‘1-D 
filament’ model predicts a rapid decrease of ParB binding followed by a stabilization of the signal 
corresponding to the given ParB level, (ii) the ‘spreading and bridging’ model proposes a 
triangular distribution that intersects the genomic coordinate as a function of the ParB level, and 
lastly, (iii) the ‘nucleation and caging’ model predicts that the characteristics of the power-law 
distribution with an exponent of -1.5 would not change upon ParB level variation. In order to 
discriminate between the three main models of ParB spreading, we performed ChIP-seq 
experiments over a large range of intracellular ParBF concentration using the chromosomally 
encoded xylE-parSF construct to prevent possible interference with plasmid stability. 
In strain xylE-parSF expressing ParBF under the control of the chromosomally encoded lac 
promoter (DLT2075), the intracellular ParBF level without IPTG induction was half of what is 
physiologically expressed from the auto-regulated promoter of the parABF operon on the plasmid 
F, as judged by Western blot analysis (Fig. supp 37). Upon addition of the IPTG inducer, we also 
tested ~16- and ~30- fold overproduction of ParBF (Fig. supp 37) for ChIP-seq assays. At all 
expression levels tested, the extent of the ParBF spreading around parSF remained similar with 
approximately 15-kb of overall coverage. We analyzed the longest propagation distance on the 
right side of parSF by normalizing each data set (Fig. 33A). It revealed that regardless of the ParBF 
intracellular level (i) the ParBF distribution in the vicinity of parSF always displayed a correlation 
with a power law fitting with an exponent of -1.5 (ii) the ParBF binding signal ends at the same 
genomic location, and (iii) the dips and peaks in the pattern are highly conserved. This indicates 
a highly robust ParBF binding pattern that is invariant over a ~30-fold variation of ParBF level. 
To further vary the amount of ParBF available for partition complex formation, high-copy 
number vectors (HCN) pBR322 and pBSKS containing the full parSF sequence, were used to 
effectively titrate ParBF in the xylE-parSF strain (DLT3508 & DLT3509, respectively). The large 
reduction of ParBF availability to non-specific sites in the vicinity of parSF on the chromosome is 
readily observed by epifluorescence microscopy. All cells displayed diffuse ParBF-mVenus  
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Figure 33: ParBF DNA binding pattern is robust over a large range of ParBF concentrations
A) ChIP-seq of ParBF-binding pattern (represented as in Fig. 32E) from strain xylE-parSF (DLT2075) with ParBF
expressed at different levels or titrated by excess parSF sites present on high copy-number plasmids. The ratio
of ParBF/parSF is indicated relatively to the one measured on the plasmid F assuming that it is present at two
copies per chromosome. (Inset) Rescaling 20- and 100-times of the ChIP-seq data from the titration
experiments with pZC302 (DLT3508) and pJYB57 (DLT3509), respectively.
B) Epifluorescence microscopy of ParBF-mVenus in the presence of high-copy number plasmid vectors
containing parSF binding sites. As in Fig. 32B, with strain xylE-parSF carrying pZC302 (DLT3577; top) or pJYB57
(DLT3576; bottom).
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fluorescence over the nucleoid without the presence of clear foci (Fig. 33 B), in contrast to the 
presence of ParBF-mVenus foci in the majority of the cells without HCN-parSF plasmids (Fig. 32Dii). 
We then assessed these two titration conditions by ChIP-seq (Fig. 33 A). The ParBF binding level 
in the vicinity of parSF was dramatically reduced. However, a zoom-in on the signal 20- and 100-
times for the pBR322 and pBSKS derivatives carrying parSF, respectively, shows a ParBF binding 
pattern slightly above background (Fig. 33 A; inset). In both cases, the signal still decreases 
progressively over about the same genomic distance as conditions without titration by HCN-parSF 
plasmids. Strikingly, even with these very low levels of available ParBF, the dips and peaks in the 
curves are still present at the same positions. This suggests that the probability of binding at a 
given location is determined by the local genomic environment and not the ParBF intracellular 
level. In comparing our ChIP-seq data with current model predictions of ParB propagation, neither  
1-D linear filament or spreading and bridging interactions, corresponded to the in vivo ParBF 
binding profiles (Broedersz et al., 2014). In the case of 1-D propagation, an exponential decay is 
predicted with fluctuations in the amplitude of ParB binding frequency to centromere flanking 
DNA based on augmentations of ParB levels (Broedersz et al., 2014). Whereas, the spreading and 
bridging model, predicts a ParB binding profile with a triangular distribution of a linear decay with 
the ParB spreading distance directly correlated to ParB levels. This model predicts that the end of 
spreading corresponds directly to the number of ParB molecules in the cell, which would thus 
increase or decrease ParB spreading distance in relation to ParB intracellular levels (Broedersz et 
al., 2014). Our in vivo data showed no such correlation to either model prediction. Only the 
‘nucleation and caging’ model with stochastic binding of ParB along the DNA in the vicinity of parS 
could explain our experimental data that does not reveal a significant change to ParB spreading 
pattern or distance.  
 
4.2.2.3-The multimerization interface of ParBF dimer is required for its propagation on 
DNA 
The ability of ParB to multimerize through dimer-dimer interactions is required for the 
formation of the partition complex. A highly-conserved patch of arginine residues, named box II, 
present in the N-terminal domain of ParB has been proposed to be involved in ParB  
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Figure 34: The Box II motif of ParBF is crucial for ParBF propagation outside parSF
A) Radiolabeled C144 (parSF DNA) probes (0.3 nM) were incubated with increasing concentrations of ParBF or
ParB-3R*F as indicated by the grey triangle (0, 10, 30, 100, 300, 1000 nM). Incubations were performed in
binding buffer containing 50 mM Hepes-KOH pH 7.5, 100 mM KCl, 100 μg/ml BSA, 100 μg/ml sonicated salmon
sperm DNA and 1 mM DTT. Mixtures were incubated at 30°C for 15 min and then loaded on a 6%
polyacrylamide gel in Tris-Glycine. Following electrophoresis, the gel was dried and exposed to a phosphor
screen for imaging with a Typhoon imager (GE Healthcare). The positions of free (C144) and ParBF-bound
probes (B1, B’2 and B’3) are indicated on the left according to Sanchez et al., 2015.
B) Epifluorescence microscopy of E. coli strain (DLT3566) containing a pSC101 vector expressing ParB-
3R*mVenus (pJYB296). Same as in figure 32B.
C) ChIP-seq of ParB-3R* binding pattern from strain xylE-parS (DLT3726) with ParB-3R* expressed from a
pSC101 vector (pJYB303). Data is represented as ParB density x10000 plotted against the distance from parS.
(Inset) An eleven-fold zoom of the 14-kb of DNA to the right of parSF, represented with the same y-axis as (C)
plotted against distance from parSF. Dotted grey line represents the experimental background level as
calculated form a 10-kb DNA region out of the ParB enrichment region (1296 reads/bp).
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multimerization (Breier and Grossman, 2007; Song et al., 2017; Yamaichi and Niki, 2000). To 
examine the extent to which the box II motif of ParBF is involved in the assembly of ParBF clusters, 
we mutated the three arginine residues in this motif, R121, R122 and R123, to alanine. The 
resulting ParBF variant, ParB-3R*, was purified and assayed  by electro mobility shift assay (EMSA) 
for parSF specific DNA binding activity using a DNA probe containing a single parSF site in the 
presence of competitor DNA (Fig. 34 A). ParB-3R* binds parSF with high affinity similar to wild-
type ParBF (B1 complex). However, the formation of secondary complexes (B’2 and B’3), proposed 
to correspond to the dimer-dimer interaction involved in the extended partition complex 
assembly (Sanchez et al., 2015), was impaired. ParB-3R* thus retains both its ability to bind parSF 
and to dimerize as this latter property is required for parSF binding, indicating that this box II 
variant is properly folded (Hanai et al., 1996).  
To further test this multimerization deficiency in vivo, we first expressed the fluorescently-
tagged ParB-3R*-mVenus from a pSC101 vector (pJYB296) in xylE-parSF (DLT3574; Fig. 34 B). 
Contrary to ParBF (Fig. 32 B), ParB-3R* was unable to assemble intense foci with fluorescence 
signal dispersed over the nucleoid. The barely detectable foci may correspond to ParB-3R*-
mVenus binding to the ten specific sites present on parSF. We then performed ChIP-sequencing 
with ParB-3R* expressed from a pSC101 vector (pJYB303) in conditions of ParB-3R* produced in 
13-fold excess relative to the plasmid F (Fig. Supp 38 A). The resulting DNA binding pattern of 
ParBF-3R* revealed enrichment only at parSF (DLT3726; Fig. 34 C), with a total absence of ParBF 
enrichment on parSF-flanking DNA (inset; Fig. 34 C). This pattern differs from those observed in 
conditions of ParBF titration (Fig. 33 A; inset), indicating that the ParB-3R* Box II variant are 
deficient in clustering. The same pattern was also observed with ParB-3R*-mVenus (10-fold 
excess; Fig. 38 B) indicating that the mVenus fluorescent-tag fused to ParBF does not promote 
cluster assembly. These results indicate that the Box II mutant is specifically deficient in ParBF 
cluster assembly, and thus reveal that the Box II motif is critical for the auto-assembly of the 
plasmid F partition complex through ParBF dimer-dimer interactions.  
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Figure 35: V. cholerae chromosomal partition complex shows similar ParBV.c1 spreading as
plasmid counterparts
A) Schematic representation of the genomic context and distribution of the three chromosome-1 parSV.c1 sites
located ~5.5-kb downstream of an RNA operon.
B) ChIP-seq of wild-type V. cholerae strain (DLT3450) with data plotted and background calculation as Fig. 34C.
(1391 reads/bp).
C) Monte Carlo simulation (red-line) of V. cholerae ParBV.c1 binding profile, for parameters see section 4.2.2.4.
ChIP-seq of V. cholerae data from (B). Data was normalized in a relative manner with the parSV.c1-1 set to the
value of one.
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4.2.2.4-ParB also propagates stochastically from native chromosomal parS sites 
ParABS systems are also present on most bacterial chromosomes (Yamaichi and Niki, 
2000). To determine whether chromosomal ParB-parS partition complexes also assembled as 
their plasmid counterparts in vivo, we probed partition complex assembly of the bacterium V. 
cholerae. This multi-chromosome bacterium is composed of a large chromosome of 2.96-Mb 
(chrI), and a smaller 1.07-Mb chromosome (chrII).  We chose to perform ChIP-seq using ParBV.c1 
for two main reasons, first, the Par system of chromosome I represents a canonical and 
chromosome partition system and harbors three 16-bp parS sites that are spaced over 7-kb (Saint-
Dic et al., 2006; Yamaichi et al., 2007) (Fig. 35 A). Also, a ChIP-chip assay of ParBV.c1 displayed 
enrichment cover ~16-kb around the parSV.c1 sites with the ParBV.c1 peaks centered only on the 
central parSV.c1-2 site but not the two distal ones (see Fig. 19 A)(Baek et al., 2014). ParBVc peaks 
at parSV.c1-1 and parSV.c1-3 sites were shifted toward the middle of the enriched zone, which may 
suggest that the DNA in this zone could be compacted. In addition, in vitro single molecule 
experiments suggested ParB compacts DNA (Graham et al., 2014). 
As was performed for ParBF, we affinity-purified ParBV.c1 antibodies against the purified 
his-tagged protein and performed ChIP-seq on exponentially growing cultures. The resulting 
ParBV.c1 binding pattern displayed several key features (DLT3450; Fig. 35 B). First, we observed 
that the ParBV.c1 binding pattern peaks at the exact location of the three parSV.c1 sites. Second, 
each peak exhibits a distinct but reproducible difference in intensity that might correspond to the 
slight differences in parSV.c1 sequences. Indeed, the highest peak (parSV.c1-1) corresponds to the 
perfect consensus sequence, while the intermediate (parS V.c1-2) and lowest (parSV.c1-3) peaks 
harbors one nt difference in the extremity and in the middle of parSV.c1, respectively (see Fig. 9 
B). The parS V.c12-3 sites showed approximately 10% and 32% less binding, respectively, compared 
to parSV.c1-1. Second, the ParBV.c1 enrichment covers 15.7-kb, in agreement with the 16-kb seen 
previously using ChIP-Chip (Baek et al., 2014). Last, an asymmetry in the binding pattern was 
observed on the left side of ParB V.c1, as previously reported (Baek et al., 2014). We mapped 
precisely the block of ParBV.c1 binding to the end of an RNA operon about 4-kb upstream from 
parSV.c1-1 (Fig. 35 B). This suggests that highly transcribed genes might significantly interfere with  
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the extent of ParB signal and thus perturb the stochastic probability of ParB binding as a function 
of distance. 
We modeled the ChIP-Seq data with parameters indicative of the nucleation and caging 
model. The method is the same as that used to model the plasmid and the chromosome, adjusted 
for the genomic context of the V. cholerae parS sites. Unique non-interacting clusters are 
centered on each of the three parS sequences, which is modeled as a self-avoiding wormlike chain 
(WLC). Only two free parameters are used in the model and are estimated to fit the ChIP-Seq 
data: the foci radius is the same for each parS, R=50 nm, and the bending rigidity of the WLC JB=3. 
The height of the ChIP-Seq signal depends on the parS site of V. cholerae (Fig. 35 C), and we 
interpret it as a difference of binding affinity on each parS sequence, which are visible from ChIP-
Seq data. We observe that the in silico model strongly correlates to the in vivo ChIP-seq data, 
supporting that the partition complex assembly mechanism is conserved on plasmid and 
chromosomal ParABS systems.  
 
4.2.2.5-Transcription and protein-DNA complexes act as effective “road block” for ParB 
propagation 
Previous data on ParB silencing and our own ChIP-seq data suggest a correlation between 
nucleoprotein complexes and drops of ParB-bound DNA frequency in their vicinity (Lynch and 
Wang, 1995; Rodionov et al., 1999; Sanchez et al., 2015). Our ChIP-seq data on V.cholera also 
suggests that a highly transcribed gene may block ParB binding past the operon locus (see section 
4.2.2.4). Recent gene expression profile experiments show that ParB silences only certain genes 
in the vicinity, while others remain slightly or completely unaffected (Baek et al., 2014). This 
suggests that ParB spreading outside of the centromere may compete with nucleoprotein 
complexes for DNA binding.   
To further test ParB’s response to different nucleoprotein complexes, we placed parSF on 
the E.coli chromosome within the ori proximal gene aceB (DLT3621; aceB-parSF), which is located 
2.5-kb downstream from the rrnE operon and 200-bps downstream from the seven iclR repressor 
sites (Cortay et al., 1991). In vivo microscopy with fluorescent ParBF-mVenus expressed on a 
plasmid vector, shows that even when parSF is in close proximity of possible roadblocks, ParBF is  
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Figure 36: A highly-transcribed gene blocks ParBF spreading
A) Epifluorescence microscopy of E. coli strain aceB-parSF containing a pSC101 vector expressing ParBF-mVenus
(pJYB294; DLT3607).
B) ChIP-seq of strain aceB-parSF (DLT3621) with data plotted and background calculation as in Fig. 3C.
(Background=1419 reads/bp).
C) ParB binding profile on DNA region to the right of parSF. Data same as (B) represented in a relative manner
with parSF set to the value one. The relative ParB density is plotted versus genomic distance from parSF. The
dotted grey line is calculated as in Fig. 34 C (1419 reads/bp) The red line represents a power law equation with
an exponent of -1.5. The equation: 1/((s+A)^(-1.5)), where s is the genomic coordinate and A is the ParBF
spreading distance, in this case 6-kb. Symbols above ChIP-seq data: Bent arrows=promoters, blue circle=Fis
binding site, orange starburst=iclR operon repressor, green rectangle=rrnE operon, with the number indicating
quantity of the locus.
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capable of forming foci (Fig. 36 A). The ChIP-seq data of the strain aceB-parSF with parBF under 
the control of the endogenous lac promoter at about 10-fold WT levels, shows a strong peak at 
parSF with ParBF spreading over ~11-kb of centromere-flanking DNA (Fig. 36 B). The DNA region 
to the right of parSF shows ParBF spreading over ~8-kb that correlates to a power law fitting with 
an exponent of -1.5 despite strong dips and peaks in the signal (Fig. 36 C). To the left of parSF a 
strong drop in ParBF binding directly corresponds to the iclR repressor sites. ParBF spreading 
recovers after the iclR locus and spreads ~2-kb upstream to the location of rrnE operon, where 
the binding signal drops completely. No enrichment was found throughout the entirety of the 
rrnE operon, and ParBF binding did not recover past it. ChIP-seq performed with strain aceB-parSF 
in the presence of both ParAF and ParBF did not show a significant change in the ParBF binding 
profile (DLT3550; Supp Fig. 39 A-B).   
Strongly bound proteins, such as operon repressors, have been reported to inhibit ParB 
binding past the repressor complex (Rodionov et al., 1999). Our ChIP-seq data shows a recovery 
of ParBF enrichment past the repressor complex indicating that strong protein interactions do not 
completely block ParBF spreading. However, of the seven rRNA operons present on the E.coli 
chromosome, rrnE is the most highly transcribed in both exponential and stationary phase 
(Maeda et al., 2015). Super-resolution microscopy observations of RNA polymerase in vivo 
suggests that the 5.3-kb rrnE operon may be excluded from the ParB propagation zone, as RNA 
polymerase may relocate highly transcribed genes to the nucleoid periphery in order to directly 
interact with polyribosomes near the cell membrane (Bakshi et al., 2012; Herskovits and Bibi, 
2000; Stracy et al., 2015). A reduction in the spatial proximity of sequences within and past the 
rrnE operon from parSF due to its highly transcribed nature may explain the absence of ParBF 
enrichment in this region.  
 
4.2.3-Discussion 
 Type I partition systems actively segregate most bacterial chromosomes and low-copy 
number plasmids to ensure their faithful inheritance. The DNA-binding protein ParB and the 
centromere-like sequence parS form a large nucleoprotein partition complex that serves as a 
concentrated exertion point for partition. The partition complex contains the majority of ParB  
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molecules in a highly concentrated and clustered region surrounding the parS site. How the 
specific ParB interactions at several parS sites are able to nucleate hundreds of ParB dimers, has 
been the subject of debate. This work provided evidence suggesting that the mechanism of 
partition complex assembly is conserved among both type I chromosomal and plasmid partition 
systems. Here we demonstrated using a combination of high-resolution ChIP-seq, epifluorescence 
microscopy, and physico-mathematical modeling that the mechanism of assembly occurs 
according to the predictions of the “nucleation and caging” model. Our data suggests that the 
partition complex assembles with a high level of robustness, in a wide range of conditions that 
are independent of genome size, DNA sequence, ParB intracellular levels, and chromosome or 
plasmid backgrounds.  
 
4.2.3.1-Multimerization is required for ParB spreading 
The formation of highly concentrated ParB clusters are a conserved characteristic of ParB-
parS partition complexes. In vivo, these clusters are visualized as concise foci using fluorescent 
microscopy techniques. Single-molecule microscopy shows that in the case of the plasmid F, over 
90% of ParB dimers are located within these highly concentrated ParB zones (see Fig. 15)(Sanchez 
et al., 2015). The large excess of ParB molecules to specific parS binding sites manifests in an 
ability of ParB to “spread” to flanking non-specific DNA (Breier and Grossman, 2007; Lynch and 
Wang, 1995; Rodionov et al., 1999). The two current models of partition complex assembly 
suggest a strong role of ParB multimerization in cluster formation and spreading (Broedersz et al., 
2014; Graham et al., 2014; Sanchez et al., 2015).  
A possible ParB multimerization interface has been linked to an arginine patch located in 
a highly conserved region termed box II within the ParB N-terminal domain (Graham et al., 2014; 
Yamaichi and Niki, 2000). This arginine patch is suggested to form a positively charged surface 
that is capable of interacting with a negatively charged interface of another ParB molecule. We 
tested a ParB-3R* mutant, which contained a three alanine substitution of the three arginine 
patch in box II. EMSA assays confirmed ParB-3R* proficiently binds parS and ChIP-seq revealed a 
non-spreading phenotype (Fig. 34 C). Epifluorescence microscopy also confirmed impaired cluster 
formation with faint ParB-3R* foci among a high-level of background (Fig. 34 B). Our findings  
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support that the multimerization interface of ParB resides within the box II arginine patch, and 
that multimerization is required for both partition complex and cluster formation in vivo.  
Previous studies in B. subtilis equated multimerization behavior with an observed DNA 
compaction and bridging activity of ParB in vitro. In B. subtilis, mutations of the box II arginine 
patch eliminated compaction behavior in vitro along with ParB spreading and cluster (foci) 
formation in vivo (Graham et al., 2014). However, a spreading deficient mutant active in DNA 
compaction (G77S), suggested that DNA compaction and bridging behaviors are required but not 
sufficient for ParB spreading. These observations led to the model suggesting ParB requires both 
1-D unilateral spreading and 3-D bridging interactions for partition complex assembly (Broedersz 
et al., 2014; Graham et al., 2014). The compaction activity of ParB however, was found to be 
reversible by the introduction of competitor DNA (Taylor et al., 2015). In addition the previously 
described G77S spreading deficient mutant was found to compact DNA abnormally through an 
unfolded region of the protein, and was suggested to be excluded from future works (Song et al., 
2017). Currently, no in vivo evidence of ParB-mediated DNA compaction has been observed, 
suggesting that ParB spreading does not employ this method for clustered partition complex 
formation. However, mutations of the box II N-terminal domain arginine patch in two different 
partition systems, plasmid F and B. subtilis, resulted in the elimination of ParB spreading in vivo, 
suggesting its conserved role in multimerization. 
 
4.2.3.2-ParB spreading pattern reflects local DNA environment 
The spreading and bridging model suggests that partition complex assembly occurs 
through a ParB-mediated restructuring of the local DNA environment through DNA compaction. 
Contrary to this hypothesis, we observed that ParB spreading to nsDNA appeared to be at the 
mercy of the local genomic context surrounding parS. The appearance of what we termed local 
DNA signatures were seen throughout all ParB ChIP-seq spreading datasets. These DNA signatures 
were visible through a pattern of dips and peaks in ParB binding that generally coincided with 
promoter regions or other specific loci that could cause spreading impediments (Eg. Rho 
independent termination site, protein binding site, promoters, etc). Our experiments observed  
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that regardless of ParB concentrations, whether titrated or overexpressed, the global ParB 
distribution pattern remained strikingly stable reflecting its local DNA environment.  
The ability of ParB-binding to conform to local genomic contexts, paints a picture of a 
“fluid” partition complex. Fluids are defined as substances whose shapes are not fixed or rigid, 
and are able to easily flow. A partition complex consisting of dynamic interactions has important 
implications for how the partition elements themselves might navigate within the intracellular 
environment. Based on previous observations, the partition complex was observed to reside 
within the interior of the bacterial nucleoid in highly dense regions (HDR) of the chromosome (Le 
Gall et al., 2016). It is suggested that the partition reaction occurs within these HDR’s and that the 
partition complex hitch-hikes from one HDR to another in a ParA-dependent manner (Le Gall et 
al., 2016). The intra-nucleoid environment is a highly dense region, and studies have shown that 
large structures such as ribosomes are excluded from the nucleoid’s interior (Bakshi et al., 2012; 
Sanamrad et al., 2014). As partition complexes are relatively large nucleoprotein entities with a 
diameter of ~150-nm (Sanchez et al., 2015), a highly structured partition complex would likely be 
excluded as well. Our findings are consistent with both the “nucleation and caging” and “hitch-
hiking” models, which suggest a dynamic partition complex assembly with fluid-like properties 
that penetrate and exploit the nucleoid’s structure to partition replicons.  
 
4.2.3.3-Diverse obstacles to ParB spreading 
Early protein-DNA roadblock experiments demonstrated that a large nucleoprotein 
complex was capable of blocking ParB spreading (Rodionov et al., 1999). However, using higher-
resolution ChIP-seq, we have shown that ParB is not blocked by all nucleoprotein complexes. Our 
data suggest that the nature of the nucleoprotein complex impacts the effect on the ParB binding 
profiles response. We propose two different hypotheses for ParB roadblocks, 1) local exclusion 
and 2) zone exclusion.  Local exclusion results from simple nucleoprotein complexes, such as an 
operon repressor, which locally blocks ParB binding. As the locus remains within the ParB-
spreading zone, ParB is not prevented from binding DNA past the local exclusion.  In the case of 
zone exclusion, segments of DNA are excluded from the ParB spreading zone and sphere of high 
ParB concentration as a result of the nucleoprotein complex either altering DNA topology, or  
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relocating the spatial organization of the local DNA.  For example, a highly-transcribed gene (HTG) 
would result in zone exclusion, as RNA polymerase relocates the HTG to the nucleoid periphery 
in order to be in contact with ribosomal machinery (Bakshi et al., 2012; Herskovits and Bibi, 2000; 
Stracy et al., 2015). This spatial reorganization would reduce the proximity of the ParB spreading 
zone to the DNA sequences past the HTG, preventing the probability of ParB binding. Our data 
show that ParBs response to nucleoprotein roadblocks coincide with the nucleation and caging 
model predictions, which requires the return of a DNA polymer into the zone of ParB. If the DNA 
polymer remains in the zone, ParB binding can recover, while if it is excluded, ParB spreading does 
not recover.  
We note that the mechanisms of local or zone exclusions for ParB spreading cannot be 
directly explained by our data. However, we found a comparable blocking of ParB spreading near 
HTG’s in both V. cholerae and with parSF on the E. coli chromosome. Our data also revealed a 
consistent alignment of ParB binding dips with candidates that may pose local exclusion obstacles. 
The nature of these interactions and the mechanisms blocking ParB spreading may give deeper 
insight into the relationship of the partition complex with its local DNA environment.  
 
4.2.4-Conclusions 
 Both current models of partition complex assembly are accompanied by in silico 
mathematical modelling. Our work gave insight into the in vivo binding behaviour of ParB within 
the partition complex of native, reconstituted, and plasmid partition systems. We found that our 
data corresponds best to the predictions of the “nucleation and caging” model that proposes a 
synergistic and stochastic mode of partition complex assembly resulting in a fluid-like partition 
entity. This mechanism of assembly allows for a concentrated driving force for partition through 
a highly-clustered partition complex, while avoiding unproductive perturbations in chromosomal 
organization or intracellular processes.  
 
4.2.5-Experimental procedures 
See appendix I of this manuscript.  
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Figure supp 37: Western immunoblot of ParBF
A) Western immunoblot using anti-ParBF (top) or anti-ParAF (bottom) antibodies. Average ratio of ParB levels
were calculated from four separate tests.
B) Western immunoblot using anti-ParBF antibodies of strain aceB-parS (DLT3621).
A
B
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Figure supp 38: ParBF requires multimerization to spread on centromere-flanking DNA
A) Western immunoblot with anti-ParBF antibodies testing ParB levels in strain i) xylE-parSF containing a pSC101
vector expressing ParB-3R* (pJYB303; DLT3726) used for ChIP-seq (see section 4.2.2.3) and ii) the strain in the
same genomic context as (i) with ParB-3R* tagged with mVenus (pJYB296; DLT3574).
B) ChIP-seq of strain described in (ii). Data plotted with ParB density (x10000) versus genomic coordinates on
the E. coli chromosome. Dotted grey line calculated as in Fig. 34C (1296 reads/bp).
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Figure supp 39: ParAF does not influence partition complex formation
A) ChIP-seq of strain aceB-parSABF (DLT3550), which contains the parABF operon under the control of the
endogenous lac promoter.
B) ParBF binding profile on DNA region to the right of parSF. Data same as (A) represented in a relative manner
with parSF set to the value one. The relative ParBF density is plotted versus genomic distance from parSF. Dotted
grey line calculated as in Fig. 34C (1130 reads/bp). The red line represents a power law with an exponent of -
1.5. The equation: 1/((s+A)^(-1.5)), where s is the genomic coordinate and A is the ParBF spreading distance, in
this case 6-kb.
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4.3-Complementary results and discussion 
 
4.3.1-Introduction 
In the second section of this chapter, ChIP-seq data showed that transplanting the plasmid 
F parS to the E. coli chromosome in two discrete locations (xylE-parSF; DLT2075, aceB-parSF; 
DLT3621) resulted in a ParBF binding profile that corresponded to the power law equation with 
an exponent of -1.5, but were not identical to each other, nor to the plasmid F (See section 4.2.2.1, 
4.2.2.5). In fact, the ParBF binding profile of parSF in each genomic location, whether on the E. coli 
chromosome or the plasmid F, retained certain characteristics that appeared to be due to the 
local genomic context. For example, the ParBF binding profile in both genomic contexts on the E. 
coli chromosome showed an asymmetrical ParBF spreading distance to the left of parSF, similar to 
the plasmid F. The nucleoprotein roadblock formed by RepE binding to the incC/ori2 loci impedes 
ParBF spreading past this loci on the plasmid F (Sanchez et al., 2015). In both genomic contexts on 
the E. coli chromosome, the end of ParBF binding to the region to the left of parFS, similarly aligned 
with genomic locus’ that may impede ParBF binding, such as operon promoters or highly-
transcribed genes.  However, similar complexes were also found at other locations throughout 
the ParBF spreading zone without drastic consequences to ParB binding. This leaves the questions 
of whether ParBF binds to DNA in an oriented manner resulting in asymmetrical spreading 
distances on centromere-flanking DNA, or if ParBF spreading can be directly affected by the 
ensemble of its local DNA environment. We performed multiple investigations to determine 
whether the mechanism of partition complex assembly as well as to probe if the asymmetric 
spreading on centromere-flanking DNA is an innate characteristic of ParB binding, a result of 
intracellular processes, or of local genomic context.  
 
4.3.2-ParB spreads similarly on small plasmid DNA 
 The binding of ParB to centromere-flanking DNA was first uncovered through gene 
silencing experiments using the mini-F (~10-kb) and mini-P1 (~9-kb) plasmids (Lynch and Wang, 
1995; Rodionov et al., 1999). These plasmids are smaller derivative versions of their parental  
A B
C
Figure 40: ParBF spreads on mini-F similar to large plasmid F.
A) ChIP-sequencing of E. coli strain DLT1780 containing mini-F (pDAG114; 9.8-kb) with the number of sequence
reads plotted versus mini-F genomic coordinates. The red line represents the ParB binding profile on the mini-F,
and the dotted grey line represents the average input level (961 reads/bp) calculated from the corresponding
input sample.
B) The DNA region to the right side of parS is represented in a relative manner with the data set normalized to
the parS site as 1. The red line represents the ParB binding profile, and the black line represents a Monte Carlo
simulation of a worm-like chain containing the parameters of foci radius, R=40nm, and DNA persistence length,
lp=8.5nm.
C-D) Zoom of the zone between rfsF and ori2 loci with ChIP-seq data of C) the mini-F immunoprecipitated
sample (red), and input sample that did not undergo immunoprecipitation (blue-grey) and D) E. coli strain
DLT3586 containing plasmid F (F1-10B; 100.1-kb) immunoprecipitated sample (black), and the input sample
(blue-grey).
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counterparts, plasmid F (~100-kb), and the plasmid prophage P1 (~93-kb), that are used as genetic 
tools to study plasmid encoded systems, such as their active partition systems. In fact, most of 
the knowledge of type I partition systems were gained through studies using the mini-F and mini-
P1 plasmids. However, the mini-F and mini-P1 are ~1/10th the size of their wild-type counterparts, 
and may convey different characteristics in vivo, such as DNA superhelicity, plasmid dynamics, or 
partition complex formation. We wanted to investigate if partition complex formation differs on 
a DNA molecule 1/10th the size of wild-type conditions.  
Partition complex formation has been probed by ChIP-seq of two versions of the plasmid 
F with an approximate two-fold size difference; pOX38B (~55-kb), and F1-10B (~100-kb) (Sanchez 
et al., 2015; see section 4.2.2.1). Both versions of the plasmid F displayed ParBF spreading of up 
to ~18-kb on centromere-flanking DNA with a highly robust binding profile correlating to a power 
law with an exponent of -1.5 (Sanchez et al., 2015; see section 4.2.2.1). These results suggest that 
partition complex formation is not affected by a two fold difference in plasmid size. To determine 
if partition complex formation differs on a plasmid 1/10th the size of the wild-type plasmid F, and 
smaller than the entire ParBF spreading zone, we performed ChIP-seq on the mini-F pDAG114 
(~10-kb; DLT1780) (Bouet and Lane, 2009; Bouet et al., 2005; Lemonnier et al., 2000). ChIP-seq 
results showed ParBF binding spread over ~7.5-kb of centromere flanking DNA with a strong 
enrichment peak corresponding to the parSF site (Fig. 40A). ParBF binding spread over ~3-kb to 
the neighboring nsDNA to right of parSF, and ~3.5-kb to the left of parS.  Our collaborating 
physicist on this project, demonstrated that the ensemble of the ParBF centromere-flanking 
spreading profile showed a strong correlation to a Monte Carlo simulation containing the 
following parameters: DNA is described as a self-avoiding worm-like chain on a cubic lattice with 
a foci size of 40 nm and a DNA persistence length of 8.5 nm (Fig. 40B). These data suggest that 
regardless of the size of the DNA molecule, the mechanism of partition complex assembly remains 
the same.  
To left of parSF, the end of the ~3.5-kb of ParBF spreading corresponded to the genomic 
loci incC and ori2 located downstream of a ~2-kb DNA region depleted of ParBF binding. A zoom 
in on this ~2-kb DNA region revealed a ~10-fold enrichment of ParBF binding in relation to the 
input level of the experiment, with strong reductions of ParBF binding corresponding to the loci  
Strain F plasmid xylE-parSFRev
Dilution 1 1
Avg ratio 1 10
IPTG (uM) 0 100
A
B
C
OverlayHu-mCherryParBF-mVenus
A
Figure 41: ParBF binding is not oriented by the parSF sequence.
A) Epifluorescence microscopy of strain xylE-parSFrev with a pSC101 vector expressing ParBF-mVenus under the
control of an inducible promoter (DLT3491). The first panel shows the foci of ParBF-mVenus, the middle panel
shows the nucleoid through an mCherry tagged version of HU, and the third panel shows an overlay of the two
fluorescent channels. The scale bar represents 1 µm.
B) Western immunoblot of ParBF with anti-ParBF antibodies from strains carrying a plasmid F (DLT1780; left)
and the xylE-parSFrev (DLT2076; right).
C) ChIP-seq binding profile of ParBF on the E. coli chromosome carrying a reversed parSF sequence in the origin
proximal gene xylE. The black line represents the binding profile and the dotted grey line represents the
experiment background level (916 reads/bp) calculated from the average binding of ParB outside of its
spreading zone. Important genomic loci are noted above the graph with parSF annotated by a blue box, and the
locus A annotated by the two arrows (gene promoters), orange circle (IHF binding size), purple triangle (Rho
independent termination site), and the locus B represented as a black rectangle. (Inset) ChIP-seq of xylE-parSF
see Fig 32E.
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ori2/incC, as well as the rfsF site 1.8-kb upstream (Fig. 40C). The genomic loci ori2 and incC had 
previously been described as the locations of a nucleoprotein roadblock that inhibits ParBF 
binding (Sanchez et al., 2015). However, the genomic locus rfsF that is responsible for multimer 
resolution of replicons through the specific binding of the protein ResD at rfsF (Lane et al., 1986), 
was not previously implicated. Analysis of ChIP-seq data on the F1-10B plasmid F (~100-kb; 
DLT3586) in this genomic region showed a similar enrichment between the ori2/incC and rfsF loci 
(Fig. 40D).  These data suggest that the spreading of ParBF in the region to the left of parS is not 
completely inhibited by the nucleoprotein roadblock formed at the ori2 and incC loci, but rather 
largely perturbed as evidenced by the continued low-level of propagation past the roadblock 
sites. In general, the ChIP-seq data of the mini-F plasmid shows a conserved ParBF binding pattern 
within the partition complex. In addition, ParBF binding shows similar responses to nucleoprotein 
roadblocks resulting in a ParBF spreading asymmetry, regardless of the size of the DNA molecule.  
 
4.3.3-parSF does not orient ParBF binding 
We also explored the possibility that the asymmetrical binding pattern of ParBF on 
centromere-flanking DNA may be a result of an innate binding orientation linked to the tandem 
repeat sequences of the parSF site. The full parSF site is composed of twelve 43-bp tandem 
repeats, that contain ten 16-bp ParBF specific binding sites (Helsberg and Eichenlaub, 1986; Mori 
et al., 1986; Pillet et al., 2011). To investigate a link between ParBF binding orientation and the 
parSF sequence, we constructed a strain with same genomic context of the previously tested xylE-
parSF strain with parBF under the control of the endogenous lac promoter (see section 4.2.2.1; 
DLT2075), but with the full parSF sequence reversed (xylE-parSFRev; DLT2076). Epifluorescence 
microscopy of xylE-parSFRev showed ParB foci positioning corresponding to the xylE Ori proximal 
location, with no apparent deficiency in ParBF foci formation (Fig. 41A; DLT3491). ChIP-seq was 
also performed on the xylE-parSFRev strain under conditions of 10-fold wild-type ParBF levels, and 
in general, the ParBF binding profiles of xylE-parSFRev (Fig. 41 B; DLT2076) and the xylE-parSF (Fig. 
41B-inset; DLT2075) strains were highly similar. Particularly, regardless of the orientation of the 
parSF sequence, ParBF spreading on the DNA region to the left of parSF showed a shorter 
propagation ending at the same genomic loci containing to two gene promoters, a Rho  
Strain F plasmid xylE-parSF Stat
Dilution 1 4
Avg Ratio 1 45
IPTG (uM) 0 100
A
B
C)
A
A
Figure 42: The extent of ParBF spreading increases in stationary growth conditions. A) ChIP-seq data of
ParBF binding from strain xylE-parSF (DLT2075) in stationary growth. The sample culture was grown until an
OD600 of 2.4 before formaldehyde cross-linking. The black line represents the binding profile and the dotted
grey line represents the experiment background level (781 reads/bp) calculated as in (Fig. 41C). Symbol legend
same as (Fig. 41C). B) The ParBF spreading zone on the region to the right of parS, with relative ParBF binding
plotted versus the distance from parSF. The data is normalized with the first bp after the 10
th parSF site set to 1.
The the red line represents a power law with an exponent of -1.5 equation, same as (Fig. 39B), in this case
A=13-kb. C) Western immunoblot of ParBF using anti-ParBF antibodies from strains carrying the plasmid F
(DLT1780; left), and xylE-parSF Stat (DLT2075; right).
S
e
q
u
e
n
ce
 r
e
a
d
s
(x
1
0
0
0
0
)
genomic coordinates (kb)
R
e
la
ti
v
e
 P
a
rB
b
in
d
in
g
Distance from parS (bp)
Left
ParBF
B
B
 213 
independent termination site, and an IHF binding site (locus A) (Fig. 41C).  The xylE-parSFRev 
asymmetrical ParBF spreading distances to centromere-flanking DNA is identical to that of the 
xylE-parSF, and indicates that the sequence of parSF is not responsible for the asymmetry of ParBF 
binding.  
 
4.3.4-ParB spreading distance increases in stationary growth 
The locations of parSF on both previously tested strains on the E. coli chromosome, aceB-
parSF and xylE-parSF, showed a left-handed asymmetry of ParBF spreading (see section 4.2.2.1, 
4.2.2.5). Both genomic locations were located on the same side of oriC and coincidentally the 
replication fork would pass with the same directionality. We therefore investigated whether an 
intracellular process such as DNA replication could be creating the left-handedness of the ParBF 
binding profile. While DNA replication of the bacterial genome is fast, approximately 1-kb/second, 
replication machinery can be stalled by various nucleoprotein complexes present along the DNA. 
Such nucleoprotein complexes as transcription apparatuses, proteins that bind and bend DNA, as 
well as over-expression of ParBF, have been found to pose impediments to replication machinery 
(Bouet et al., 2006; Mirkin and Mirkin, 2007). The genetic context of the xylE-parSF strain revealed 
that the ParBF spreading asymmetry to the left of parSF corresponded to the previously described 
locus A.  Locus A contains an IHF binding site that causes DNA to bend >160˚ (Rice et al., 1996), 
two gene promoters where RNA polymerase binds to begin gene transcription, and a Rho-
independent termination site that forms a self-annealing hairpin loop to stall continued RNA 
polymerase transcription, and is an appealing candidate as a natural obstacle to replication 
machinery.  
In order to test the effects of replication on ParBF’s binding profile we performed ChIP-seq 
on a xylE-parSF (DLT2075) sample that had been grown to stationary phase (OD600 2.4). After the 
entrance of bacterial cells into stationary growth phase, DNA replication initiation stops (Akerlund 
et al., 1995). This would allow us to probe partition complex formation in an intracellular 
environment free of replication. The resulting ParBF binding profile showed an overall increase in 
ParBF spreading to centromere-flanking DNA, from ~15-kb to ~36-kb in exponential and stationary 
phase samples, respectively (Fig. 42A). In previously tested exponential phase ChIP-seq samples,  
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the end of ParBF spreading to the right of parSF aligned with a genomic locus that corresponded 
to a promoter-less gene, yjbI (locus B; Fig. 42A-inset). However, in stationary phase the region to 
the right of parSF revealed an increase in ParBF spreading of ~6-kb past its previous end point at 
locus B, with a total spreading distance of approximately ~18-kb. The increased spreading to the 
right of parSF did not show a significant change to the overall ParBF binding pattern, with ParBF 
binding still strongly reduced at locus B (Fig. 42A inset). ParBF spreading to the left of parSF also 
increased significantly by ~12-kb past the locus A, for a total spreading distance of ~18-kb (Fig. 
42B). The spreading pattern of ParBF between locus A and parSF displayed a profile that deviates 
from a power law fitting with an exponent of -1.5, similar to previous tests. However, the ParBF 
spreading past locus A appears to nicely correlate with the fitting (Fig. 42B-red line), suggesting 
that ParBF stochastic binding is able to recover past the nucleoprotein roadblock at locus A. 
Despite the symmetrical ParBF spreading distance seen in stationary phase, ParBF binding 
continues to be perturbed at the genomic loci A and B.  The continued impeachment of ParB 
binding at these loci in the absence of replication suggests that the stalling of replication 
machinery at these locations is not the cause of the DNA-roadblock.  However, contrary to tests 
in exponential phase, ParBF binding was able to recovery past locus A and B in a manner that 
correlated to a power law with an exponent of -1.5 (Fig. 42B).  
ParBF binding in stationary phase also showed a higher degree of enrichment, about 2-
fold more than tests in exponential phase. The general increase of ParBF binding and spreading 
distance could suggest that intracellular changes in stationary phase render centromere-flanking 
DNA more accessible to ParBF binding. An increased accessibility of centromere-flanking DNA 
could be explained by the changes in metabolic processes during stationary phase that result in 
the drastic decrease in mobility of large particles, such as chromosomes, within the cell (Parry et 
al., 2014). In this case of lower chromosome mobility, centromere-flanking DNA would spend 
more time within the zone of high ParB concentration, resulting in a higher frequency of 
ParBFbinding.  
On the other hand, ParBF production in the stationary phase sample was approximately 4-
fold higher than the highest ParBF condition tested, due to a longer ParBF induction time (Fig. 
42C).  It cannot be excluded that the observed ~45-fold excess of ParBF in relation to wild-type  
Overlay
Hu-mCherry
ParBF-mVenus
Figure 43: Epifluorescence microscopy of rifampicin treated cells displays nucleoid decompaction. Contrary
to other microscopy assays, E. coli cultures were grown in LB rather than in M9-glycerol to resemble ChIP-seq
conditions. Cultures were incubated at 30°C to preserve the integrity of fluorescent proteins, contrary to 37°C
in ChIP-seq conditions. Cultures were grown until an OD600 of 0.6 and then treated 200 μg.ul
-1 with rifampicin
for one hour at 30°C . Top panel shows ParBF-mVenus fluorescence, middle panel Hu-mCherry fluorescence
shows nucleoid position, bottom panel displays overlay of both fluorescent channels. Cultures were visualized
after treatment with of rifampicin (right), or without treatment (left) for strains A) aceB-parSF (DLT3607) and, B)
xylE-parSF (DLT3584). The scale bar represents 1 µm.
BA Rifampicin RifampicinNon-treated Non-treated
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levels could be responsible for the increased ParBF spreading and binding, due to more available 
ParBF molecules. However, previous ChIP-seq results on exponential phase xylE-parSF samples 
showed no increase in spreading distance based on changes of intracellular levels ranging from 
0.5 to 12-fold wild-type ParBF levels (see section 4.2.2.2). The ChIP-seq experiment of strain xylE-
parSF in stationary phase should be repeated in conditions with ParBF intracellular levels that are 
comparable to previous tests to determine if the alleviation of the asymmetrical spreading 
distance and higher binding frequency is due to stationary phase intracellular conditions that 
decrease the mobility of large molecules, or simply due to an excess of ParBF.  
 
4.3.5-Active transcription affects ParBF binding profile 
As described in the second section of this chapter, each genomic location that we have 
investigated has revealed specific ParBF binding patterns based on the local DNA conformation. 
This was highlighted through multiple ChIP-seq tests of the same strain with varying intracellular 
levels of ParBF that showed the strong conservation of a pattern of dips and peaks throughout 
the ParBF spreading profile (See section 4.2.2.2). Our analysis of the local DNA sequence 
suggested that the dips in ParBF binding were frequently linked to the sequences of gene 
promoters, the initiation sites for RNA polymerase gene transcription. In addition, an abrupt end 
of ParBF spreading to the left of parSF was linked to promoter containing loci, such as the locus A 
and rrnE, in strains xylE-parSF and aceB-parSF, respectively (See section 4.2.2.1, 4.2.2.5).  
Gene transcription is another intracellular process known to be highly implicated in 
genome organization and local changes to DNA conformation (Cagliero et al., 2013). RNA 
polymerases themselves have been implicated in the spatial reorganization of highly transcribed 
gene loci out of the bulk of the nucleoid (Stracy et al., 2015). Here, at the nucleoid periphery DNA-
bound RNA polymerases are found to form clusters that are believed to directly interact with 
ribosomal machinery (Bakshi et al., 2012; Stracy et al., 2015). Treatment of bacterial cells with the 
antibiotic rifampicin directly inhibits transcription elongation by binding within the DNA/RNA 
channel of RNA polymerase and blocking the elongation of RNA beyond 2-3 nucleotides (nt) 
(Campbell et al., 2001). After which, RNA polymerase is believed to dissociate from DNA (Stracy 
et al., 2015). This arrest of gene transcription shows in vivo pleiotropic effects on chromosome  
2
4A
Figure 44: Blocking of transcription through rifampicin treatment does not eliminate ParBF binding
asymmetry. Cultures were grown until an OD600 of 0.6 and then treated with 200 μg.ul
-1 of rifampicin for one
hour at 37°C. A-B) Symbols above ChIP-seq plots represent different genomic loci within the ParBF spreading
zone. Bent arrows=promoters, orange circle=IHF binding site, purple triangle=Rho independent termination
site, blue circle=Fis binding site, red circle=Crp binding site, orange starburst=iclR operon repressor, with the
number indicating quantity of the locus A) ChIP-seq binding profile of aceB-parSF (DLT3621) rifampicin treated
cells. The black line represents the ParBF binding profile, and the dotted grey line indicates the experimental
background level (769 reads/bp) as in (Fig. 41C). Inset: ChIP-seq data of the untreated aceB-parSF. B) ChIP-seq
binding profile of xylE-parSF treated with rifampicin in the same conditions as above. The black line represents
the ParBF binding profile, with the dotted grey line indicating the background level (1655 reads/bp). Inset: ChIP-
seq data of untreated xylE-parSF C) Western immunoblot of ParBF for rifampicin treated strains xylE-parSF
(DLT2075) and aceB-parSF (DLT3621).
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organization. For example, rifampicin treated E. coli cells visualized by epifluorescence and 3-D 
structured illumination microscopy (SIM) showed a strong de-compaction of a fluorescently 
labelled nucleoid (Stracy et al., 2015; Sun and Margolin, 2004). Also, chromosomal interaction 
domains (CIDs) that correlated to genomic positions of highly transcribed genes were eliminated 
following rifampicin treatment in C. crescentus cells (Le et al., 2013). The ensemble of this 
evidence suggests a link between active gene transcription and nucleoid organization.  
To determine the effects of active gene transcription on ParBF spreading, we treated 
strains aceB-parSF and xylE-parSF, for one hour with 200 µg ml-1 of Rifampicin. Epifluorescence 
microscopy of both strains containing HU-mCherry and a pSC101 vector expressing ParBF-
mVenus, showed an elimination of intracellular nucleoid free space indicating nucleoid de-
compaction (Fig. 43A-B). ChIP-seq was performed on both rifampicin treated aceB-parSF 
(DLT3621) and xylE-parSF (DLT2075) strains with ParBF expressed by the endogenous lac promoter 
at intracellular levels at approximately 16-fold, and 15-fold, respectively (Fig. 44C). Results 
revealed no change to ParBF spreading asymmetry and no general change other than a slight 
smoothing effect to the dips in the ParBF binding profile, which were generally found to align with 
gene promoters in non-rifampicin treated cells (Fig. 44A-B). ChIP-seq was also performed in strain 
aceB-parS-AB containing both ParAF and ParBF expressed by the endogenous lac promoter. No 
significant changes to the ParBF binding profile other than a more pronounced smoothing of the 
ParBF binding profile were observed (DLT3550; Fig. 45). However in all cases, the ParBF binding 
asymmetry as well as the dips associated with gene promoters were not completely eliminated, 
indicating these genomic loci still perturb ParBF binding.  
We also observed that rifampicin treated sample aceB-parSF showed and an asymmetrical 
spreading of ParBF to the left of parSF stops abruptly at the genomic location corresponding to 
the end of the rrnE operon, which is approximately 5.2-kb from the promoter site. Coincidentally, 
previous tests showed the same end to ParBF propagation, which brings into question the 
mechanism of RNA polymerase dissociation when treated with rifampicin. The assumption that 
rifampicin treated RNA polymerase dissociates from DNA following the minimal transcription of 
2-3 nt, comes from microscopy evidence of a higher fraction of mobile RNA polymerases that are 
presumed to be freely diffusing and not bound to DNA (Stracy et al., 2015). However, a study  
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Figure 45: Blocking of transcription through rifampicin treatment does not eliminate ParBF
binding asymmetry in the presence of ParAF.
Symbols above ChIP-seq plots same as (Fig. 44A). A) ChIP-seq binding profile of aceB-parSF-AB (DLT3550) strain
treated with 200 μg ml-1 for 1-hr. The black line represents the ParB binding profile, and the dotted grey line
indicates the experimental background level (769 reads/bp) calculated same as (Fig. 41C). The inset in the
upper right hand corner of the graph shows the ChIP-seq data of the strain aceB-parSF-AB not treated with
rifampicin (See Fig. 39). B) Western immunoblot of ParB for rifampicin treated strain aceB-parSF-AB (DLT3550).
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showing that the mobility of DNA and general diffusion coefficient within the cell significantly 
increases with rifampicin treatment (Weber et al., 2010), would suggest that an increased 
mobility of RNA polymerase may not reflect an unbound state. In fact, no studies have directly 
shown that RNA polymerase dissociates from DNA before the genes stop codon. Our data 
revealing that ParB propagation is blocked by the entire rrnE operon when treated with rifampicin 
suggests a continued roadblock presence, possibly from RNA polymerase itself.  
Overall, our data showed that rifampicin treatment reveals an alleviation of ParBF binding 
dips associated with the genomic loci of promoter regions. However, the global changes to local 
DNA configuration as well as the continued binding of RNA polymerase to promoter regions, does 
not allow for the assumption that this change in ParB binding is directly due to gene transcription. 
Future studies should be aimed towards investigating ParB binding in conditions that eliminate 
the interaction of RNA polymerase with DNA to probe the effects of gene transcription on 
partition complex formation.  
 
4.3.6-Specific genomic loci do not dictate ParBF spreading asymmetry 
In both previously tested strains, aceB-parSF (DLT3621) and xylE-parSF (DLT2075), the end 
of ParBF spreading on the left side of parSF corresponded to a genomic locus that may pose a 
possible roadblock (See below). As described in section 4.3.4, ParBF spreading distance 
asymmetry on centromere-flanking DNA was alleviated in stationary phase conditions for strain 
xylE-parSF. However, while the spreading distance became symmetrical, a full correlation of the 
ParBF binding profile to a power law with an exponent of -1.5 throughout the entire spreading 
region was not obtained.  
ChIP-seq analysis of ParBF binding in strain xylE-parSF displayed a left-handed 
asymmetrical ParBF spreading blocked at the genomic locus A, 5.5-kb upstream from parSF. The 
ParBF binding profile of strain aceB-parSF also displayed a similar left-handed asymmetry, with the 
end of ParBF spreading corresponding to the rRNA operon rrnE, located 2.5-kb to the upstream 
of parSF. We wanted to investigate the effects of these actual loci (locus A and rrnE) on ParBF 
spreading by eliminating them from the genomic sequence.  We performed ChIP-seq on the strain 
xylE-parSF that replaced the locus A with a kanamycin cassette, xylE-parSKan (DLT3651), under  
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Figure 46: ParBF asymmetrical binding is not dictated by a single genomic locus.
ChIP-seq ParB binding profiles of strains. Symbols above plots same as (Fig. 44).
A-i) aceB-parSΔrrnE (DLT3637). Dotted grey line represents experimental background level of 838 reads/bp
calculated as in (Fig. 41C). Inset: aceB-parS ChIP-seq (see section 4.2.2.5)
B-i) xylE-parSkan (DLT3651). dotted grey line calculated same as A-i (1156 reads/bp). Inset: xylE-parS ChIP-seq.
A-ii & B-ii) Western immunoblots of ParB from (A-ii) aceB-parS ΔrrnE and (B-ii) xylE-parSkan.
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intracellular ParBF conditions of 11-fold wild-type levels (Fig. 46B i-ii). We also performed ChIP-
seq on the aceB-parSF strain with the entire rrnE operon replaced by a kanamycin cassette, aceB-
parS∆rrnE (DLT3637), under intracellular conditions of 12-fold wild-type ParBF levels (Fig. 46A i-
ii). In both strains, ChIP-seq results displayed no significant changes to the ParBF binding profile, 
with the end of ParBF propagation to the left of parSF corresponding to the genomic locus of the 
kanamycin cassette. Neither the replacement of the locus A nor rrnE with a kanamycin cassette 
removed the left-handed ParBF spreading asymmetry in the strains xylE-parsKan and aceB-
parS∆rrnE, respectively. A recovery of a binding profile that correlated to a power law fitting with 
an exponent of -1.5 to the left of parSF was also not observed.  
In our study, the replacement of two complex genomic loci that were presumed to create 
ParBF binding roadblocks, with a kanamycin cassette, did not alleviate the observed roadblock 
effect. We found that in both cases, the kanamycin cassette blocked ParBF spreading in a similar 
manner as the locus A and rrnE operon it replaced. These results were surprising, as highly 
transcribed genes, such as the rrnE operon, have previously been associated with the formation 
of CIDs (Le et al., 2013). In general highly transcribed genes have been found to correspond to the 
genetic boundaries of CIDs, and the displacement of highly-transcribed genes reveal the creation 
of new CIDs at the novel genomic location, suggesting a strong effect on DNA conformation (Le 
et al., 2013). The cause of this continued blocking of ParBF propagation may be directly due to the 
presence of the constitutively expressed kanamycin gene. It would be interesting to repeat the 
experiment by replacing the locus A and rrnE operons with a non-coding DNA sequence rather 
than a resistance cassette.  
 
4.3.7-ParBF spreading profile is sensitive to macrodomain organization 
 Our investigations described above were limited to strains with parSF implanted within 
the Ori macrodomain of the E. coli chromosome. Neither Ori proximal parSF location resulted in 
a symmetrical ParB spreading profile that fit a power law with an exponent of -1.5 on both 
centromere-flanking regions. The E. coli chromosome is organized into four insulated 
macrodomains (Ori, Right, Left, and Ter), and two less constrained non-structured regions (NS-
right and NS-left) (Valens et al., 2004). Each macrodomain (MD) displays distinct dynamics,  
Overlay
Hu-mCherry
ParBF-mVenus
A
Strain Plasmid F ydgA-parSF
Dilution 1 4
Avg Ratio 1 15.5
IPTG (uM) 0 100
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Figure 47: Strain validation with parSF transplanted in the Ter macrodomain
A) Epifluorescence microscopy of the strain ydgA-parSF with a pSC101 vector expressing inducible ParBF-
mVenus (DLT3773) shows yellow foci corresponding to Ter intracellular positioning (top), Hu-mCherry shows
nucleoid (middle), and an overlay of both fluorescent channels (bottom). The scale bar represents 1 µm.
B) Western immunoblot of ParB of plasmid F (DLT1780; left) and ydgA-parSF strain (DLT3655; right).
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superhelicity, and positioning within the cell (Espeli et al., 2008; Lal et al., 2016), and we were 
interested in how these larger scale changes in DNA conformation could affect the power law 
with an exponent of -1.5 correlation with the ParB spreading data. To investigate how ParBF 
spreading differs based on its genomic location, we implanted parSF in the Ter and NS-Right 
chromosome macrodomains, both of which differ in mobility and positioning to Ori.  
 
4.3.7.1-ParB spreading decreases with parSF in Ter 
First, we implanted parSF in the gene ydgA of the Ter MD creating strain ydgA-parSF 
containing (DLT3655) or not (DLT3773) ParBF expressed by the endogenous lac promoter. 
Epifluorescence microscopy of ydgA-parSF containing a pSC101 vector expressing ParBF-mVenus, 
showed foci positioning typical to the Ter MD at midcell or near the division septum (Espeli et al., 
2008)(DLT3773; Fig. 47A). ChIP-seq was performed under intracellular ParBF levels with a 15-fold 
ParBF excess (DLT3655; Fig. 47B). The resulting ChIP-seq data of the ydgA-parSF strain showed a 
binding profile of ParBF with a strong enrichment at parSF, but with a pointedly shorter ParBF 
spreading distribution on centromere-flanking DNA of ~9-kb as opposed to ~18-kb seen on the 
plasmid F (Fig. 48A). The ParBF spreading profile also displayed drops at genomic locations of 
promoter regions, similar to previous tests, however, they appeared much more abrupt within 
the current genomic context. Regardless, ParBF’s spreading profile to centromere-flanking DNA 
resembled a fairly symmetrical spreading distance to the left and right sides of parSF of 4-kb and 
5-kb, respectively (Fig. 48 B-C). However, only the region to the right side of parSF showed a strong 
correlation to the power law with an exponent of -1.5 fitting (Fig. 48C). The region to the left of 
parSF displayed plateau-like regions of ParBF binding, with abrupt drops corresponding to 
promoter regions (Fig. 48B). In general, the spreading of ParBF was reduced with parSF located 
within the Ter MD with more pronounced roadblock effects.  
Ter is believed to be structured through DNA-bridging interaction of MatP through 23 
matS sites present at about every 40-kb, that compacts and clusters the 800-kb Ter macrodomain 
(Cagliero et al., 2013; Mercier et al., 2008). The effects of MatP/matS compaction results in the 
isolation of Ter and elimination of inter-macrodomain contacts with other chromosomal regions 
(Duigou and Boccard, 2017; Marbouty et al., 2014). This highly structured nature of the Ter MD  
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Figure 48: ParBF binding pattern
differs when parSF is located in the Ter
macrodomain. A) ChIP-seq of strain
ydgA-parSF (DLT3655). The data is
represented as in (Fig. 41C) with the
background level of 498 reads/bp. B-C)
Legend for symbols above ChIP-seq plots:
arrows=gene promoters, red circles=Cra
binding sites, grey box=REP element.
ChIP-seq data was normalized to the
parS site as 1, with relative ParB binding
plotted versus distance from parS. B) The
ParB spreading region to the left of parS
with a power law fitting with an
exponent of -1.5 as in (Fig. 42B) A in this
case is 4.5-kb. C) Same as (B), the ParB
spreading region to the right of parS, A in
this case is 5-kb.
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may be responsible for the changes in ParBF binding outside of parSF. The “nucleation and caging” 
model assumes that DNA is a flexible Gaussian polymer, and the probability of ParBF binding to a 
genomic locus at any distance from parSF is dependent on its return into the sphere of high ParBF 
concentration. An essential factor that is taken into consideration for the return of the DNA 
polymer into the sphere of ParBF is the rigidity, or persistence length, of DNA. If the persistence 
length is increased, the probability of a genomic locus’ returning into the zone of ParBF decreases. 
Increased persistence lengths may also worsen roadblock effects from factors such as 
transcription machinery associated with promoter sites that reduce the spatial proximity of parSF 
to genomic locus past the roadblock. The ter region is hypothesized to be highly structured 
through MatP/matS bridging, which may increase local DNA persistence length and DNA 
flexibility, affecting the return of genomic loci within the sphere of high ParBF concentration. 
However, experimental evidence of the known persistence length or rigidity of DNA within the 
terminus region is currently unknown, thus this hypothesis remains purely speculative.  
It would be interesting to repeat the ChIP-seq experiment using the strain ydgA-parSF in a 
ΔmatP context, as foci tracking experiments in a ΔmatP strain displayed an increase in Ter loci 
mobility similar to that of a NS region (Mercier et al., 2008). This drastic change in Ter dynamics 
would give insight into the direct effect of macrodomain organization and dynamics on the ParBF 
spreading profile while not changing genomic location.   
 
4.3.7.2-ParBF binding decreases when parSF in NS-Right 
In contrast to the four macrodomains (Ori, Ter, Right, Left), the two non-structured 
regions (NS-Right, NS-Left) of the E. coli chromosome show more mobile dynamic localizations 
and higher frequencies of interactions with other chromosomal regions (Espeli et al., 2008). We 
were interested in how this difference in chromosome dynamics of NS-Right, compared to the 
less dynamic Ori and Ter regions, would affect partition complex formation. We constructed a 
strain that contained the ParBF gene under the control of the endogenous lac promoter, and the 
parSF site located within the betT gene of the NS-Right region of the chromosome, betT-parS-B 
(DLT3552). ChIP-seq was performed in conditions of 6-fold wild-type ParBF levels (Fig. 49A). 
Results revealed a strong ParBF binding peak at the parSF site and a ParBF spreading distance that  
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Figure 49: ParBF spreading in the absence of ParAF in NS-Right region. A) Western immunoblots showing the
ParB levels of the betT-parSB strain (DLT3552). B) ChIP-seq data plot of ParBF (Green) binding in strain betT-
parSB. The background level (dotted line) is calculated as in Fig. 41C (762 reads/bp). C-D) Legend for symbols
above ChIP-seq plots: arrows=gene promoters, red circles=cra binding sites, grey rectangle=parSF. ChIP-seq
data was normalized to the parS site as 1, with relative ParBF binding plotted versus distance from parSF. The
power law fitting is as Fig. 42B. The ParB spreading region to the right of parSF with A=5-kb, with no significant
correlation (pink). D) The ParBF spreading region to the left of parSF with A=4-kb, with a strong correlation
(bright red).
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covered only ~9-kb  (Fig. 49B-green line), contrary to ~18-kb on the plasmid F. The spreading 
profile of ParBF to the right of parSF displayed a ~5-kb curved distribution that did not correlate 
with a power law fitting with an exponent of -1.5 (Fig. 49C) and the locations that ParBF spreading 
frequency dropped corresponded to the genetic locations of gene promoters (Fig. 49C-arrows). 
The DNA region to the left of parSF revealed that ParBF spread over ~4-kb, and the profile strongly 
corresponded to a power law fitting with an exponent of -1.5 (Fig. 49D). Contrary to the genetic 
context of the DNA region to the right of parSF, the left region only contained two gene promoters 
located at the start of the spreading profile. One of the gene promoters indicates an upstream 
signal of transcription for a single ~4-kb operon, with no other gene promoters or locus’ that could 
cause impediments to ParBF binding were present in the local genomic context. Contrary to ParBF 
binding profiles with parS Flocated in Ori, ParBF spreading was greatly reduced with parSF in NS-
right, which may suggest that the highly dynamic nature of the NS-right region negatively impacts 
partition complex formation.  
To investigate if this decrease in spreading and ParBF binding is due to the highly dynamic 
nature of the NS-right region, we constructed a strain with the same genetic context of betT-parS-
B, but with the addition of the full parABF operon under control of the endogenous lac promoter, 
betT-parS-AB (DLT3551). We presumed that the addition of ParAF may have a stabilizing effect on 
the partition complex when parSF is located within the NS-right region, as ParAF is believed to 
stabilize and position partition complexes on the plasmid F (Le Gall et al., 2016). ChIP-seq of strain 
betT-parS-AB, under conditions of ~15-fold and ~18-fold wild-type levels of ParAF and ParBF 
respectively (Fig. 50A), revealed no significant changes in binding pattern nor spreading distance 
(Fig. 50 B-D), in relation to results in a ParAF-free context (Fig. 49 B-D). The addition of ParAF did 
not change the ParBF binding or spreading profile when parSF was implanted in NS-Right. This may 
suggest that the intrinsic dynamics of the region are too strong for ParA-mediated stabilization or 
that something other than the dynamic environment of NS-Right reduces ParBF spreading.  
 
4.3.8-ParA binding profile is highly correlated to ParB’s 
Numerous studies using ChIP-seq and 3C have investigated in vivo ParB binding in regards 
to partition complex formation and spreading behavior. However, the same depth of  
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investigations has not been done for the in vivo DNA binding behavior of ParA. The type Ia ParAF 
functions to autoregulate the parABF operon through its specific binding activity at the promoter 
site (Friedman and Austin, 1988; Hayes et al., 1994; Mori et al., 1989; Yates et al., 1999). Binding 
of ParAF to the four promoter sequences has previously been described as occurring in a highly-
cooperative manner (Komai et al., 2011).To investigate the in vivo binding activities of ParAF, we 
performed ChIP-seq on the strain betT-parS-AB (DLT3551), using anti-ParAF antibodies. The ParAF 
ChIP sample was taken from a separate aliquot of the same sample used to determine the ParBF 
ChIP-seq profile, which was performed with ~15-fold and ~18-fold overproduction of ParAF and 
ParBF, respectively (Fig. 50 A). ParAF enrichment was detected at the parABF operon promoter 
lacated within the endogenous lacZ gene (Fig. 50E). The four operon promoter binding sites span 
a genomic distance of 77-bp (Mori et al., 1989), however, ParAF enrichment was found over ~4-
kb of flanking DNA. This suggests that cooperative binding of ParA may also result in its spreading 
along nsDNA. In addition, the ChIP-seq profile of ParAF within the partition complex is highly 
correlated to that of ParBF, with a strong peak at the parSF site and enrichment over the entire 
ParBF spreading zone of ~9-kb (Fig. 50 B; blue line). In general, these data indicate that ParBF binds 
cooperatively at the ParABF promoter region and maintains an enriched presence within the 
partition complex.  
In vitro studies as well as fluorescence microscopy had previously given insight into the 
different interactions of ParAF. For example, surface plasmon resosonance (SPR) analysis revealed 
that ParAF binds the ParB-parSF partition complex via a direct interaction with ParBF (Ah-Seng et 
al., 2009). This interaction with the partition complex also coincidentally stimulates the highest 
ATPase activity of ParAF, which is believed to occur through an arginine finger-like motif in the N-
terminal of ParBF (Ah-Seng et al., 2009). The in vitro ParAF-ParBF interactions are supported by in 
vivo observations with in vivo epifluorescence microscopy revealing that some ParAF patches co-
localize with ParBF foci in vivo (Lim et al., 2005). In addition, recent super-resolution microscopy 
also showed that patches of ParAF co-localize with ParBF foci as well as high-density DNA regions 
(HDR) of the nucleoid (Le Gall et al., 2016). The “hitch-hiking” model of bacterial chromosome 
segregation suggests that the direct interactions of the partition complex with HDR-bound ParA 
patches results in ParA dissociation from HDRs and the progressive movement of partition  
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Figure 51: ParA is required for V. cholerae partition complex formation
A) ChIP-seq of V. cholerae ΔparA strain (DLT3709). The inset at the top right of the graph is the ChIP-seq data of
a wild-type V. cholerae strain (DLT3450; see Fig. 35). The data in both graphs are represented as sequence
reads (x10000) plotted versus genomic coordinates. The dotted grey line represents the experimental
background level calculated as in Fig. 41C (1672 reads/bp).
B) Western immunoblot of ParB in wild-type V. cholerae (left), ΔparA (middle), and ΔparB strain.
RNA operon
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complexes in a Brownian ratchet manner (See section 1.2.4.1; Le Gall et al., 2016). Our ChIP-seq 
data is in favor of the “hitch-hiking” model giving direct in vivo evidence that ParAF interactions 
with ParBF are enriched within the partition complex. 
4.3.9-Vibrio cholerae requires ParA for partition complex formation 
Previous studies in S. venezuelae and V. cholerae using ChIP-seq and ChIP-chip, 
respectively, showed that in the absence of ParA, ParB binds with slightly less frequency to parS 
and its proximal regions, suggesting that ParA may promote partition complex formation and ParB 
spreading (Baek et al., 2014; Donczew et al., 2016). Our investigations using parABSF, as well as 
studies in P. aeruginosa, suggest that ParA is not necessary for partition complex formation (See 
section 4.3.7.2; Lagage et al., 2016). To determine the effects of ParA on partition complex 
formation in V. cholerae, we performed ChIP-seq on a strain deleted of the ParAV.c1 gene from 
chromosome 1. Our ChIP-seq data on a wild-type V. cholerae strain (DLT3450) revealed a strong 
ParBV.c1 enrichment at the three parSVC1 sites, along with spreading over ~16-kb of centromere-
flanking DNA (Fig. 51 A-inset). However, our ChIP-seq data of the ΔparAV.c1 (DLT3709) strain 
showed a drastic difference in the ParBV.c1 binding profile, with a significant decrease of about 40-
fold ParBV.c1 enrichment (Fig. 51 A). In ΔparAV.c1, the peak at parSV.c1 -1 showed an approximate 
4-fold enrichment from background levels, whereas wild-type conditions showed an approximate 
215-fold enrichment. Spreading distance of ParBV.c1, was not affected and was present over ~16-
kb of centromere-flanking DNA, just as is in the wild-type condition. However, ParBV.c1 enrichment 
within the spreading zone only showed an approximate ~2-fold enrichment from background 
levels, as opposed to a ~70-fold enrichment in wild-type conditions. Our results indicate that the 
absence of ParAV.c1 strongly impacts ParBV.c1 -parSV.c1 partition complex formation in the case of 
chromosome 1 in V. cholerae.   
This evidence is in striking contrast to the previously reported ChIP-chip binding profile of 
a ΔparAV.c1 V. cholerae strain, which showed only a slight decrease in ParBV.c1 binding. In an 
attempt to verify our results, the ChIP-seq experiment was repeated twice, and resulted in the 
same low enrichment ParBV.c1 binding profile. The same aliquot of antibodies was used in the 
immunoprecipitation of both the wild-type (see section 4.2.2.4) and ΔparAV.c1 strain, which were 
performed on the same day, negating the possibility that the lack of ParBV.c1 enrichment was due  
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to defective antibodies.  ParBV.c1 production was verified by Western blot and was not significantly 
affected by the parAV.c1 deletion, in agreement with previous transcriptome analysis of parBV.c1 
expression in a ΔparAV.c1 context (Fig. 51B)(Baek et al., 2014). This indicates that the decrease in 
ParBV.c1 enrichment was not due to a lower production of ParBV.c1.  
The deficiency of the ParBV.c1-parSV.c1 partition complex formation in the absence of 
ParAV.c1, may be due to the specific interactions of ParA in V. cholerae (see section 1.3.2b3). The 
partition complex of V. cholerae is tethered to the cell poles via the interaction between ParAV.c1 
and HubP (Yamaichi et al., 2011). Strains lacking ParAV.c1 no longer show polar positioning of 
partition complexes, which are no longer tethered to the cell pole (Saint-Dic et al., 2006). This 
absence of the tethering interaction of ParAV.c1 may result in an increase in mobility of the 
partition complex locus, and the inability of ParBV.c1 to be stably nucleated by parSV.c1. However, 
due to high degree of contradiction between our results and those produced by Baek and 
colleagues, it cannot be ruled out that our ΔparAV.c1 strain may contain an unidentified mutation 
that negatively impacts partition complex formation in an unforeseen way. Further investigations 
into the viability of our ∆parAV.c1 strain, as well as performing ChIP-seq using the same strain used 
by Baek and colleagues, could confirm or contradict our results.  
 
4.3.10-Conclusions/Perspectives 
The “nucleation and caging” model suggests that the probability a ParB dimer has to 
interact with a genomic locus, depends on the locus’ return into the sphere of high ParB 
concentration nucleated by the parS site (Sanchez et al., 2015). The maintenance of ParB dimers 
within this sphere of high concentration is a result of ParB multimerization interactions, as well 
as the dense DNA environment that acts as a lattice to spatially entrap ParB molecules. We have 
collected data on the behavior of ParB spreading on both chromosomal and plasmid partition 
systems under multiple conditions and different genomic contexts. Our data suggest that the 
partition complex is largely dictated by the local conformation of DNA and ParB binding correlates 
to a power law with an exponent of -1.5.  In conclusion, we propose that the “nucleation and 
caging” model best describes the conserved mechanism for plasmid and chromosomal partition  
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complexes formed through the stochastic and synergistic interactions of ParB with other ParB 
dimers and the local DNA environment. 
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Chapter 5: General Discussion and 
Perspectives 
If you find your task is hard, 
Time will bring you your reward, 
Try, try again 
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5.1-Plasmid incompatibility gives insight into active partition 
In chapter 2 we provided further evidence in support of two previously proposed models 
of centromere-mediated incompatibility, which we found to be based on the degree of parSF 
excess. Epifluorescence microscopy tests employing a dual labelling fluorescence method were 
used to visualize a mini-F in the presence of parSF-vectors ranging in copy number from ~1.6-50 
copies per chromosome.  We proposed that the higher than random incompatibility phenotype 
associated with low-copy number parSF-vectors (Bouet et al., 2005) was due to the occurrence of 
random poisitioning of heterologous plasmids (Ebersbach et al., 2005), combined with late 
replication events that perturb the random distribution of plasmids (See section 2.2). On the other 
hand, the random loss incompatibility phenotype associated with high-copy number parSF-
vectors was confirmed to be a result of the titration of the DNA-binding protein ParBF, through its 
high-affinity interactions with the parSF site (See section 2.2) (Bouet et al., 2005). 
In addition to the insight gained on centromere-based incompatibility, this work also 
served in validating a method to probe partition complex formation in conditions of reduced ParBF 
availability. To accomplish this, we exploited the titration incompatibility phenotype validated in 
chapter 2 to perform ChIP-seq. Our investigations revealed that partition complex assembly 
occurred with striking similarity to wild-type conditions in binding pattern and spreading distance. 
However, the ParBF binding profile revealed a strong reduction in the amplitude of ParBF 
enrichment to centromere-flanking DNA regions (See section 4.2.2.2). A reduction of ParBF 
availability did not affect the binding profiles slope or pattern, but rather its amplitude in a way 
that reflected only the change in binding frequencies associated with ParBF availability.  The 
current models that hypothesize the mechanism of partition complex assembly, are accompanied 
by theoretical mathematical modeling. The only model prediction that corresponds to the 
observed binding profile’s response to a reduction of ParBF levels in the partition complex is the 
“nucleation and caging” model (see section 4.2.3).  
The understanding of partition-based incompatibilities provides insight into the actual 
mechanism of partition itself.  This work served to validate the mechanism’s behind centromere-
based incompatiblity phenotypes associated with differing degrees of parSF excess (Bouet et al.,  
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2005; Ebersbach et al., 2005). In turn, the titration-based model validated in this work served to 
gain insight into partition complex formation with low levels of ParBF.  
5.2-Validation of type I partition complex architecture 
 The architecture and mechanism assembly of the partition complex formed by ParB-parS 
remain up for debate. The formation of the partition complex is nucleated through the strong 
interaction of ParB to its cognate parS site, and ParB binds DNA over several kilobases of 
centromere-flanking DNA in a widely conserved phenomenon termed spreading. Currently, there 
are three models that suggest the architecture of the partition complex and how ParB can spread 
along non-specific DNA (nsDNA). For a full description of the current models refer to the “partition 
complex” section of Chapter 1, briefly, the three models are: 1-D filament (Rodionov et al., 1999), 
spreading and bridging (Broedersz et al., 2014; Graham et al., 2014), and nucleation and caging 
(Sanchez et al., 2015). My project was specifically focused on aiming to validate and refine the 
two recent model predictions of partition complex architecture, as the 1-D filament hypothesis 
has been largely disproven. Our ChIP-seq results in chapter 4 coupled with mathematical 
modeling gave strong evidence in support of the nucleation and caging model of stochastic ParB 
binding. We found that, as expected in a stochastic system, ParB binding to centromere-flanking 
DNA is largely dictated by the local DNA environment, and does not itself appear to significantly 
impact DNA conformation.  
 
5.2.3-ParB does not affect the conformation of DNA 
Bacterial chromosomes are generally compacted 103-fold in order to fit into a cell.  This is 
coordinated and maintained by various intracellular processes and nucleoid associated proteins 
(NAPs) that compact the chromosome into a functional nucleoid structure (Dame and Tark-Dame, 
2016). NAPs, which are largely responsible for nucleoid organization, actively work to change DNA 
conformation in an effort to compact the chromosomal volume (Song and Loparo, 2015). Our 
study gave no indication that ParB restructures or compacts its local DNA environment. The two 
current models of partition complex assembly differ mainly in the presumed impact ParB imposes 
on its local DNA environment. The nucleation and caging model suggests ParB interacts 
dynamically with DNA, resembling a fluid-like entity, while the spreading and bridging model  
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suggests ParB activively compacts DNA (Broedersz et al., 2014; Graham et al., 2014; Sanchez et 
al., 2015).  
The spreading and bridging model suggests that ParB exhibits an NAP-like function of DNA-
compaction in the assembly of the partition complex, and directly functions to segregate and 
organize ori proximal DNA (Graham et al., 2014). The basis for the spreading and bridging model 
was primarily defined by ParB’s in vitro capacity to induce DNA compaction (Graham et al., 2014; 
Song et al., 2017). The ability of ParB to compact DNA through looping and bridging activities, was 
suggested to result in a highly clustered partition complex with ParB DNA binding spread over 
several kilobases (Broedersz et al., 2014; Graham et al., 2014).  Modeling of spreading and 
bridging behavior was described to fit a triangular binding profile when represented as the 
frequency of ParB binding plotted against the corresponding genomic coordinates (see section 
1.2.4.3c). In this model, the intracellular level of ParB directly increases or decreases the profiles 
spreading distance depending on an increase or decrease in ParB levels, respectively (Broedersz 
et al., 2014). This increase of spreading distance expected from the spreading and bridging model 
was not seen experimentally in any condition tested throughout this work (see chapter 4). In 
addition, the compaction activity that functioned as the basis for the spreading and bridging 
model was found to be reversible upon the addition of competitor DNA (Taylor et al., 2015). As a 
bacterial cells have intracellular environments highly dense in DNA, the compaction activity of 
ParB seen in vitro would be unlikely and/or negligible in vivo.  
Our ChIP-seq data performed under various conditions of ParB availability, in four-
genomic locations of the E. coli chromosome, spanning three different macrodomains (ori, NS-
right, ter), as well as the binding profile of the native systems of chromosomal ParB (V. cholerae 
chr-1), and of the plasmid F, did not reflect the fluctuating triangular distribution predicted by 
“spreading and bridging” model. Rather, ParB binding profiles showed a robust pattern and 
spreading distance that consistently correlated to a power law distribution with an exponent of -
1.5, predicted by the “nucleation and caging” model. In addition, the chromosomal ParB used in 
our study from chromosome-1 of V. cholerae, had previously been found to compact DNA in an 
in vitro single-molecule assay lacking competitor DNA (Graham et al., 2014). However, our in vivo  
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ChIP-seq data gave no evidence in favor of ParB-mediated DNA compaction, nor were fluctuations 
in ParB levels an altering factor in ParB spreading.  
Our suggestion that ParB does not actively compact or restructure DNA does not negate 
the fact that partition complexes in some bacteria do contribute to chromosome organization 
and DNA conformation (See section 1.3.3). For example, ParBF slightly bends DNA ~50˚ when 
bound specifically to parSF (Bouet and Lane, 2009), and changes to plasmid superhelicity were 
found to be mediated by ParBF (Biek and Strings, 1995; Bouet and Lane, 2009). However, the 
ParBF-mediated changes to plasmid superhelicity were found to most likely be due to the blocking 
of gyrase activity within the reaches of the partition complex. Also, ParB of B. subtilis, C. 
crescentus and S. pneumonia actively load SMC-complexes at parS (Minnen et al., 2011; Tran et 
al., 2017; Wang et al., 2015). The loading of SMC-complexes at parS sites are believed to compact 
and resolve sibling origins through a processive loop enlargement mechanism. The role of ParB in 
the above cases however, is indirect and dependent on other elements that directly affect DNA 
conformation. Other than these indirect interactions, ParB has not definitively been found to have 
a direct significant role in chromosome organization or DNA bridging in vivo, which will be the 
subject of further investigations.  
 
5.2.4-Evolutionary advantages for a fluid partition complex 
As described in the discussion of section 4.2.3.2, our data suggests that the partition 
complex architecture portrays fluid-like properties. The genomic locations that parS sites are 
generally found to reside, may give insight into the evolutionary necessity for a dynamic and fluid 
partition complex. According to bioinformatic analysis, parS sites on bacterial chromosomes are 
generally located within a 15% region proximal to the origin of replication (Livny et al., 2007). This 
close proximity of parS to oriC was found to be essential to partition in P. aeruginosa (Lagage et 
al., 2016), but no studies to date have been performed on the essentiality of the parS genomic 
location in plasmids. Due to the close proximity of parS to the start of DNA replication, it is 
necessary that the resulting ParB-parS complex pose the least amount of interference with 
replication machinery. Stalling of replication machinery by natural impediments such as DNA 
binding proteins or unusual DNA structures, can lead to genomic instability and higher  
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frequencies of recombination (Labib and Hodgson, 2007). In fact, contrary to posing problematic 
roadblocks for replication, studies of B. subtilis, V. cholerae, and C. crescentus revealed that their 
partition systems play an active role in maintaining the efficiency and accuracy of the initiation of 
DNA replication (see sections 1.3.3a-c). The interlinking of partition functionality with DNA 
replication may be indicative of the frequent and essential ori proximal positions of parS sites.  
Interestingly, ParB is capable of interfering with the intracellular process of gene 
transcription, generally within the reaches of partition complex (see sections 1.3.1a-c)(Baek et al., 
2014; Bartosik et al., 2014; Kawalek et al., 2017; Lynch and Wang, 1995; Rodionov et al., 1999). 
The spreading of ParB to centromere-flanking DNA in these cases have been directly linked to 
ParB-mediated gene expression or silencing, which seems to contradict the hypothesis of a fluid 
partition complex. Plasmid partition systems showed ParB-mediated changes in gene expression 
up to 10-kb away from parS (Lynch and Wang, 1995; Rodionov et al., 1999). However, these 
studies were done under synthetic conditions that assayed changes in expression of antibiotic 
resistance cassettes or reporter genes inserted at different distances from parS, with ParB 
overexpression. Similar studies on native chromosomal partition systems revealed that the 
effects ParB spreading had on gene expression showed a general characteristic among all cases, 
ParB binding only affected certain local genes within the spreading zone.  For example, some 
affected genes related to specific SOS or fitness responses, whose transcription was upregulated 
in the absence of ParB (Baek et al., 2014; Bartosik et al., 2014; Kawalek et al., 2017). Similar to its 
role in DNA replication, this may suggest an evolved advantage for partition-mediated gene 
regulation in the case of native chromosomal systems 
 
5.2.5-The mechanism of ParABS partition complex assembly is conserved 
We have shown that the formation of the bacterial ParB-parS partition complex displays 
a high degree of conservation on both chromosomal and plasmid ParABS partition systems (see 
section 4.2.2.4). In addition, a recent ChIP-seq experiment using ParB of P. aeruginosa (Lagage et 
al., 2016), revealed a ParB binding profile that shows a strong resemblance to those of the plasmid 
F as well as V. cholerae. ParB binding was mainly enriched at four parS sites, with spreading over 
20-kb of centromere flanking DNA. Interestingly, the spreading of ParB appears to be inhibited by  
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its local genomic context with a left-handed spreading asymmetry emanating from the parS1 and 
parS2 peaks ending at a dnaA promoter region (Lagage et al., 2016). Other dips and peaks in ParB 
binding are visible throughout the spreading profile, which may suggest similar conformities of 
ParB binding to its local DNA environment as revealed in our study.  
However, the ParB binding profiles from both our investigations and that of Lagage et al., 
2016, differ from that seen in ChIP-seq studies of B. subtilis (Graham et al., 2014). The binding 
profile of ParBB.s in parSB.s proximal locations of B. subtilis do not show a clear peak at the parSB.s 
sites, contrary to the ParB profiles of P. aeruginosa (Lagage et al., 2016), and our ParB profiles of 
ParBF and ParBV.c1 (see chapter 4). ParBB.s enrichment is visible throughout centromere-flanking 
regions, however with much more abrupt dips and peaks as seen in other ParB profiles (see 
chapter 4; Lagage et al., 2016). The lack of enrichment at parSB.s and a somewhat irregular ParBB.s 
spreading profile may be indicative of two scenarios. The first being a low signal-to-noise ratio, 
commonly associated with ChIP-seq experiments (Kidder et al., 2011). The second being that the 
immunoprecipitated ParBB.s protein may naturally have a low binding affinity for its cognate 
parSB.s sites. In vitro studies revealed that ParBB.s  shows only a 2-fold higher affinity for its cognate 
parS B.s sites than it does for nsDNA (Taylor et al., 2015), which may suggest a case for the latter 
argument.  
In addition, as was presented in the introduction of this manuscript, many bacterial 
chromosomes containing a partition system have demonstrated their own manner of interacting 
with their surrounding intracellular environment (see section 1.3). While only a few chromosomal 
systems have been studied so far, it may be possible that these adapted interactions may affect 
certain aspects of partition complex formation. 
 
5.3-Future directions 
 
5.2.3.1-ParB binding is dictated by the local DNA environment 
Our investigations did not reveal one specific factor, such as a genomic locus or a 
nucleoprotein roadblock that directly dictated the ensemble of ParB’s spreading behavior. A  
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power law with an exponent of -1.5 is used to describe the probability of ParB binding in the 
“nucleation and caging” model, by referring to DNA as a flexible self-avoiding worm-like chain.  
However, this image of a perfect and unrestricted DNA polymer that is free to move within the 
intracellular environment, does not actually exist. The nucleoid is a highly compact and organized 
entity with its DNA topology and superhelicity constantly being altered by transcription, nucleoid 
associated proteins, growth, etc (Dame and Tark-Dame, 2016; Lal et al., 2016; Wu et al., 1988). 
Interestingly, our investigations revealed that ParB binding robustly correlated with a power law 
with an exponent of -1.5 in vivo. Regardless of the intricate and ever-changing intracellular 
environment, the basic physical properties of a DNA polymer assumed in the “nucleation and 
caging” model can be seen through the ParB binding profile in vivo.  
Taking into account the insight gained through our data, the binding of ParB still leaves 
several questions unanswered with other avenues left to explore. It would be interesting to 
determine the effect that local DNA conformation has on active partition. For example, the 
superhelicity of DNA is continuously undergoing changes. However, ParB appears to robustly 
maintain its characteristic binding within the partition complex. Nevertheless, as each element of 
the partition system is uniquely adapted to function within its respective genome, it would be 
interesting to investigate the effect on the functionality of ParB in plasmid stability after a drastic 
and unnatural adjustment to a DNA molecules superhelicity. The group plans to proceed with 
such an investigation by using a phage encoded protelomerase to linearize the plasmid F. It will 
be interesting to be able to refine the “nucleation and caging” model even further to include the 
effects of DNA superhelicity on ParB binding.  
 
5.3.2-The role of ParA dynamic behavior 
A recent study in P. aeruginosa (Lagage et al., 2016), suggested that ParA does not 
function in the formation of the partition complex.  In agreement, we have shown that ParAF does 
not affect the formation of the ParBF-parSF partition complex when parSF is located on a large 
stable DNA molecule, such as a chromosome (see section 4.2.2.5). Interestingly, our evidence 
shows that the partition complex is enriched with both ParAF and ParBF proteins (see section 
4.3.8). Like ParB, ParA is able to interact with nsDNA and multimerize, two interactions vital to  
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ParB-parS partition complex formation. However, while ParB is highly confined to parS proximal 
locations, ParA displays a much more dynamic oscillatory behavior that spans the length of the 
nucleoid (Lim et al., 2014). This ability of ParA to escape the confines of the partition complex 
cage, while maintaining a certain level of enriched interactions, may be necessary for its role in 
the directional positioning of the partition complex.  
While both ParA and ParB maintain an enriched presence within the partition complex 
(see section 4.3.8), the striking difference in their intracellular positioning may be the direct result 
of the high affinity of ParB for parS. The specific nucleation of ParB by parS is essential in 
maintaining the majority of ParB dimers within the confines of the partition complex. ParA on the 
other hand shows no affinity for parS (Ah-Seng et al., 2009), and is thus able to interact with the 
partition complex while still being capable of oscillating freely throughout the cell. It has been 
shown that the non-specific binding activity of ParA is essential to active partition (Castaing et al., 
2008), but how exactly the oscillatory dynamic interactions position partition complexes is 
unclear. Currently the team is working to understand the basis of ParA’s oscillatory behavior to 
gain insight into its function in the partition reaction.  
 
5.3.3-The role of the bacterial nucleoid in active partition 
Both ParA and ParB exploit nsDNA to carry out their partition functions. Within a bacterial 
cell, there is an excess of nsDNA in the form of the bacterial nucleoid, to which both partition 
proteins would be constantly exposed. Plasmid partition complexes also remain colocalized with 
the nucleoid, and are found to be excluded from the nucleoid only upon the full or partial deletion 
of their partition systems (Gordon et al., 1997; Le Gall et al., 2016). Our evidence suggests that 
partition systems show a strong conservation in partition complex assembly, and it is important 
to understand its relationship to the nucleoid. How exactly do the partition elements exploit its 
environment to gauge directionality and positioning of DNA? The work of Le Gall et al., 2016 
suggests both plasmid and chromosomal partition systems may exploit highly dense regions 
(HDR) of the nucleoid as a scaffold for the intracellular transport of partition complex cargo. The 
composition of HDRs and their role in active partition however, are unclear. The preliminary work  
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described in annexe I to optimize a 3C-ChIP protocol could lead to an interesting method for 
probing the dynamic interactions of the partition complex with the nucleoid.  
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Appendix I: Preliminary investigation into 
the dynamic interactions of the partition 
complex with the bacterial nucleoid  
All that other folks can do, 
Why, with patience, should not you? 
Only keep this rule in view: 
Try, try again. 
 
T.H. Palmer 
“Try Try again”  
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A1-Introduction  
 The mechanism of robust cellular positioning of genomic material that ensures its faithful 
inheritance is not yet fully understood. In several bacteria, such as V. cholerae and C. crescentus, 
partition complexes are tethered to cell poles through direct interactions with a partition system 
element and a polar protein, suggesting a direct host encoded mechanism.  In most cases 
however, no direct link has been found other than the partition system elements themselves that 
are required for proper genomic positioning. The recent evidence that the partition complex as 
well as ParA appear to co-localize with high-density regions (HDRs) of the nucleoid, suggest a 
possible a link to the preferential localizations of the partition complex within the cell based on 
the nucleoid itself (Le Gall et al., 2016). In order to determine the interactions of the partition 
complex with the bacterial nucleoid, we explored the possibility to perform a technique derived 
from a mixture of chromosome conformation capture (3C) and chromatin immunoprecipitation 
(ChIP), which I will refer to in this chapter as 3C-ChIP.   
 The 3C technology was developed in 2002 by Job Dekker and colleagues to investigate the 
topology and organization of eukaryotic chromosomes (Dekker et al., 2002). This method uses a 
combination of cross-linking, enzymatic digestion and dilute proximity based ligation to 
determine long-range DNA interactions that establish the 3-D conformations of genomic loci. This 
technology was adapted to bacterial genomes over a decade later and has become widely used 
to investigate the organization of the bacterial nucleoid as well as for probing the mechanisms 
that organize it (Cagliero et al., 2013; Marbouty et al., 2014, 2015; Wang et al., 2015).  
A 3C derived technology, Chromatin Interaction Analysis by Paired-End Tag Sequencing 
(ChIA-PET), uses the same experimental approach as the 3C method, with the addition of a 
chromatin immunoprecipitation in order to target the analysis of genomic interactions with a 
particular DNA-binding protein (de Wit and de Laat, 2012). To our knowledge, this method has 
yet to be optimized for bacterial experimentation. We were interested in creating a similar 
method to probe the interactions of ParB with the bacterial nucleoid, to gain insight into how the 
partition complex positions itself within the interior of the bacterial nucleoid. For example, do 
partition complexes preferentially interact with certain genomic sequences linked to HDRs? To 
accomplish this, we collaborated with a 3C technology expert from the lab of Romain Koszul at  
X-link 1% 1% 3% 3% 3%
Sample Input IP Input IP IP (-)
ParB AB
ParB
Figure 52: Western of immunoprecipitation samples using anti-ParBF antibodies in conditions of 1% and 3%
formaledehyde cross-linking. Top and bottom panels show ParBF-antibody (ParB AB) and ParBF protein recover,
respectively. Both images were recovered from the same immunoblot membrane and are represented with
different exposure times. Input samples did not undergo immunoprecipitation, IP samples were
immunoprecipitated using 7μg of ParBF antibodies (Top panel), and IP (-) sample underwent the same
immunoprecipitation procedure but replaced ParBF antibodies with 7 μg non-specific immunoglobin (IgG)
antibodies.
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the Institut Pasteur in Paris, Martial Marbouty, to optimize a 3C+ChIP (3C-ChIP) method for 
investigations in bacteria. We based our protocol on the procedure outlined in Marbouty et al., 
2014 for the 3C portion and from chapter 4 of this manuscript for the ChIP portion (see annexe 
II). This chapter will focus on the efforts put forth to optimize a 3C-ChIP protocol and the 
difficulties encountered that inhibited the protocols application.  
 
A1.1-Validation of immunoprecipitation efficiency  
The first consideration in the optimization of the 3C-ChIP protocol was to validate the 
feasibility of the immunoprecipitation procedure in the same experimental conditions as 3C. One 
drastic difference between the ChIP-seq and 3C procedure is the percentage of formaldehyde 
cross-linking from 1% to 3%, respectively. A higher degree of cross-linking is necessary in a 3C 
procedure in order to capture proximity based rather than direct interactions. An increase in the 
cross-linking percentage could pose a potential problem with the immunoprecipitation 
procedure, as the larger cross-linked complexes may inhibit the antibodies access to its cognate 
protein.  
We therefore tested the efficacy of immunoprecipitation in samples prepared with a 1% 
versus a 3% cross-link.  Western immunoblot data of samples that underwent 
immunoprecipitation (IP) and control samples that were not immunoprecipitated (input) 
revealed only a slight decrease in the level of ParB pull-down in 3% cross-linked samples (Fig. 52). 
In both 1% and 3% immunoprecipitated samples the quantity of ParB antibody recovered was not 
altered, indicating that there was no direct interference on the level of antibody attachment to 
the magnetic beads used for immunoprecipitation. This decreased quantity of ParB may be 
directly due to the migration of a 3% cross-linked samples on the bis-tris gel used for Western 
immunoblot, as the decrease was seen in both the input and immunoprecipitated samples. 
Regardless, we cannot rule out that the efficiency of immunoprecipitation in a 3% cross-link 
condition was not affected.  However, the amount of ParB immunoprecipitated in 3-ChIP 
conditions did not appear significantly different from the ParB recovered from 1% cross-linked 
samples, which have previously given highly enriched ParB binding profiles using ChIP-seq. This  
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Figure 53: Gel electrophoresis of purified DNA samples from fragmentation and ligation 3C
library sample tests.
Electrophoresis was performed using a 1.8% agarose gel with a 10-kb DNA ladder.
A) Electrophoresis of sonicated 1% or 3% formaldehyde cross-linked samples
B) Electrophoresis of 3% cross-linked samples testing restriction enzyme MluCI. i) digested, ii) non-digested, iii)
digested and ligated.
X-link 1% 3%
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suggests that the amount of ParB immunoprecipitated in our 3% cross-link test should be 
sufficient for a 3C-ChIP experiment. 
 
A1.2- DNA fragmentation and ligation  
 It was also necessary to validate a form of DNA fragmentation that would be compatible 
to both 3C and ChIP methods. Fragment sizes of 3C library DNA are generally larger than ChIP-seq 
libraries, in order to obtain enough information to create a 3-D image on the genome scale. DNA 
fragmentation in our ChIP-seq protocol is accomplished through sonication methods, while 3C 
requires fragmentation via a restriction enzyme.  We opted to test the efficacy of creating a 3C 
library using sonication fragmentation methods, in order to remain in similar conditions as ChIP-
seq.  The test was performed with samples cross-linked 1% or 3%, using a 15-min sonication 
program in order to avoid over sonication that could disrupt the proximity based cross-links 3C 
investigates. The resulting DNA fragment sizes ranged from 100-bp to 2-kb in both conditions, 
indicating no difference in the sonication efficiency between 1% and 3% cross-link conditions (Fig. 
53A i-ii).  
 Due to the fact that the extremities generated by sonication are not suitable for a direct 
ligation procedure, we also tested the more traditional method of 3C DNA fragmentation by use 
of restriction enzymes. The choice to use the MluCI restriction enzyme was based on the 
fragmentation profile it produced along the genome of E. coli as well as the plasmid F, that would 
theoretically result in fragment sizes up to 3-kb. MluCI was also chosen for the fact that it cuts in 
a manner that results in a 5’ overhang, which is important for the creation of DNA fragments with 
sticky ends and a higher ligation efficiency. The fragmentation following MluCI digestion resulted 
in DNA profile ranging from 300-bp to 3-kb, compared to non-digested samples that were as large 
as 10-kb (Fig. 53B i-ii), indicating successful fragmentation of the library. However, we 
encountered a problem regarding the ligation step of the procedure. The profile of ligated DNA 
repeatedly resulted in band of DNA at 10-kb (Fig. 53B iii). A typical 3C ligated DNA library is, 
however, only expected to result in a slightly larger fragment profile than that of the digested 
sample, as digested fragments are ligated together. We are unclear as to the reason for these  
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obscure ligation products, and were unable to create the necessary conditions to create a 
successful 3C library as a result.  
 
A1 -Conclusions 
We were able to determine that immunoprecipitation is possible within the experimental 
conditions of the 3C protocol, however, we were unable to optimize the essential ligation 
procedure that follows.  The optimization of this protocol requires more in-depth investigations 
into the possible problems associated with the sample ligation. The 3C protocol itself is known to 
be a procedure sensitive to experimental error, and may require a more direct collaborative 
approach with 3C experts.  
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Appendix II - Materials and Methods 
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A2.1 - Bacterial strains and plasmids 
E.coli and V.cholerae strains and plasmids used in this study are listed in Table 3 and 4, 
respectively. Growth cultures were incubated at 37°C with aeration in LB (Miller, 1972) (Luria-
Bertani: NaCl 10 g.L-1; yeast extract 5 g.L-1; Tryptone 10 g.L-1; NaOH 3mM, Thymine 20mg.L-1) 
supplemented with necessary antibiotics (Ab, µg.ml-1): chloramphenicol (Cm, 10), spectinomycin 
(Sp, 20) and kanamycin (Km, 50). For microscopy experiments, cultures were grown at 30°C in M9 
minimal media supplemented with 0.1% glucose, 0.2% casamino acids, 0.04 mg.ml-1 thymine, and 
0.2 mg.ml-1 leucine). 
 
A2.2 - Lambda red recombineering 
Insertions of parSF on the E.coli chromosome were first constructed in DY378 strain 
expressing λ-Red enzymes exo, bet, and gam, under the control of a temperature sensitive 
inducible promoter on the chromosome (Yu et al., 2000). Information on the location of parSF 
insertions and the oligonucleotides used can be found in table 5 and figure 54.  
In order to insert parSF onto the chromosome of E. coli, a cassette containing parSF with 
FRT-Kan-FRT was constructed. Primers for the construction of the kanamycin-parSF cassette were 
designed to contain from the 5’ end, a 50-bp homolog region to the target genome and a 25-bp 
homolog region to the parSF site. A 25-bp priming region was necessary between the cassettes to 
hybridize the parSF with the kanamycin fragment. Cassettes were amplified by PCR using high 
fidelity PrimeStar® Max (Clonetech) and purified using the illustra GFX gel band purification kit 
(GE Healthcare). Joining of the purified cassettes was done by hybridization of the two fragments 
using PCR in the absence of primers under the cycling conditions of 98°C for 1 minute followed 
by 5 cycles of 98°C for 10 seconds, 55°C for 15 seconds and 72°C for 20 seconds. Primers were 
then added to the reaction and the PCR conditions were continued for 20 cycles. The resulting 
joined PCR products were gel band purified.  
To prepare electrocompetent DY378 cells with λ-Red enzymes induced, overnight liquid 
cultures were grown at 30°C and diluted 50-fold with fresh SOB media (Tryptone 20 g.L-1; Yeast 
extract 5 g.L-1; NaCl 0.5 g.L-1; KCl 2.5 mM; NaOH 1 mM). Once at an OD600 of 0.6, cultures were 
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incubated for 15 minutes at 42°C, then placed directly in an ice water bath for 20 minutes. Cells 
were washed and resuspended with ultrapure Milli-Q® water.  Purified joined PCR products were 
then electroporated into DY378 electrocompetent cells using 1.8 KV. Cells were immediately 
diluted in 10-fold in SOC (SOB + 2% glucose; 10mM MgSO4) and incubated for one hour at 30°C 
before plating onto selective LA media (LB supplemented with 1.5% agar).  
Once integrated onto the chromosome of strain DY378, the parSF-kan cassette was then 
transferred to the test strains of interest by P1 transduction.   
 
A2.3 - Epifluorescence microscopy 
Overnight cultures were diluted 100-fold with fresh media and supplemented with 100µM 
IPTG when ParB-mVenus was expressed by lac promotor, and grown until an OD600 of 0.3. An 
aliquot (0.8 µl) of cultures was deposited directly onto the slides coated with 1% agarose M9-
buffered solution. Microscopy was performed using an Eclipse TI-E/B wide field epifluorescence 
microscope using a phase contrast objective (CFI Plan Fluor DLL 100X oil NA1.3) with Semrock 
filters sets for mVenus (Ex: 500BP24; DM: 520; Em: 542BP27) and mCherry (Ex: 562BP40; DM: 
593; Em: 641BP75) fluorescent fusion proteins. Nis-Elements AR software (Nikon) was used for 
image capture and editing. 
 
A2.4 - Chromatin immuno-precipitation 
The ChIP procedure was described previously Sanchez et al., 2015 and adapted with minor 
modifications described in Chapter 3 of this manuscript (Diaz et al., 2017).  
 
A2.5 - ChIP-seq analysis and fit procedure 
ChIP-seq Data were counted and aligned using the procedure detailed in (Diaz et al., 2017), 
and visualized along the entirety of the genome using Integrated Genome Viewer (IGV 2.3). Data 
plots were presented as crude data or normalized to the value of 1 relative to the parSF site, as 
indicated in the figure legend. 
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A2.6 – 3C-CHIP procedure 
Strains were incubated overnight in LB and diluted 200-fold into 100 ml fresh LB and 
grown at 37°C to OD600 0.3. Cultures (80 ml) were treated with a fresh aliquot of formaldehyde 
(3% final concentration), incubated at room temperature for 30 min with gentle agitation, and 
quenched by the addition of 0.5 M glycine for 15 min with agitation. After cell lysis and addition 
of IP buffer (50 mM Hepes-KOH, pH 7.5, 150mM NaCl, 1mM EDTA, 1% triton x-100, 0.1% sodium 
deoxycholate, 0.1% SDS), samples were digested using MluCI (New England Biolabs) using the 
following digestion mixture: 50 µl of Cut Smart buffer®, 500 µl of 10% Triton™X-100 (Sigma-
aldrich), and 3.5 ml of ultrapure Milli-Q® water. 50 µl of lysed cells were added to 450 µl of the 
digestion mixture as a non-digested control. The remaining 450 µl of lysed cells were added to 
the remaining 3.6 ml of digestion mixture, with the addition of 90 µl of MluCI (#R0538L) for the 
digested sample. Both digested and non-digested samples were incubated for one hour at 37°C 
with agitation, then centrifuged for 20 min. at 16000g. Digested and non-digested samples were 
resuspended in 500 µl or 100 µl of cold IP buffer (50 mM Hepes-KOH, pH 7.5, 150mM NaCl, 1mM 
EDTA, 1% triton x-100, 0.1% sodium deoxycholate, 0.1% SDS), respectively. Digested samples 
were immunoprecipitated as described in chapter 4. After the elution of immunoprecipitated 
samples in 300 µl of elution buffer (50mM Tris-HCL pH 7.5, 10mM EDTA, 1% SDS), 3.7 ml of Milli-
Q® water was added to reach a sample volume of 4 ml and then added to 28 ml of ligation mixture 
(1mM ATP, 500U T4 DNA ligase). Ligation samples were incubated at 16°C for four hours. Samples 
were then treated with proteinase K and 6 mM EDTA and reverse cross-linked by overnight 
incubation at 65°C. Both non-digested and ligated samples underwent a primary sodium acetate 
DNA precipitation by adding 1/10th the sample volume of 3M sodium acetate at one sample 
volume of isopropanol. Samples were incubated for one hour at -80°C and then centrifuged for 
20 min at 4°C. The surnageant was removed and pellets were resuspended in 850 µl of 1x TE 
buffer and incubated under agitation for 15 min at 37°C. DNA was purified using the procedure 
outlined in chapter 4 ending with a resuspension of the sample in 100 µl 1X TE supplemented 
with 30 µg/ml of RNAse and incubated for 30 min at 37°C. The quality of samples was then verified 
by gel electrophoresis using a 1% agarose TAE gel.  
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A2.7 - Western immunoblotting 
The intracellular levels of ParAF and ParBF/V. cholerae were measured from crude cell extracts 
using the SDS-PAGE system of Invitrogen NuPage Novex Bis Tris Gels (LifeTechnologies), followed 
by electrotransfer to nitrocellulose membranes according to the manufacturer's 
recommendations (IBlot gel, Invitrogen). Immunodetection was performed using affinity-purified 
anti-sera raised against the full length proteins (Eurogentec) followed by revelation using ECL 
substrate (Bio-Rad Clarity). 
 
A2.8 - EMSA 
Experiments were performed as described (Bouet et al., 2007) in the presence of 
sonicated salmon sperm DNA as competitor (100 µg.ml-1), using 0.3-1 nM radiolabeled DNA 
probes generated by PCR or by annealing PAGE-purified oligonucleotides. Proteins were purified 
as previously described (Ah-Seng et al., 2009). 
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Table 3: Strains used in this manuscript
Strains Genotype/relevant properties Source/references
DY378 W3110 λcI857 D(cro-bioA) (Yu et al., 2000)
DLT1215 thi, leu, thyA, deoB, supE, D(ara-leu)7696, zac3051::Tn10, rpsL812 (Bouet et al., 2005)
DLT1471 DLT1215/lacZ::BstEIΩmcsΩparOPABF This work
DLT1472 DLT1215/lacZ::BstEIIΩmcsΩparBF This work
DLT1780 DLT1215/pDAG114 This work
DLT2073 DLT1215/xylE::parSF This work
DLT2074 DLT1215/xylE::parSFRev This work
DLT2075 DLT1472/xylE::parSF This work
DLT2076 DLT1472/xylE::parSFRev This work
DLT3053 DLT1215/Hu-mCherry::kanR (Gall et al., 2016)
DLT3055 DLT3053/pJYB234 (Sanchez et al., 2015)
DLT3289 DLT1215/Hu-mCherry::KanS This work
DLT3413 Vibrio cholerae C6706 lac-, parB1::Tn::kan (Cameron et al., 2008)
DLT3450 Vibrio cholerae O1 biovar EI Tor N16961 (Fogel and Waldor, 2006)
DLT3491 DLT2074/Hu-mCherry::KanR/pJYB294 This work
DLT3508 DLT2075/pZC302 This work
DLT3509 DLT2075/pJYB57 This work
DLT3550 DLT1471/aceB::parSF This work
DLT3551 DLT1472/betT::parSF This work
DLT3552 DLT1472/betT::parSF This work
DLT3566 DLT2073/pJYB296 This work
DLT3567 DLT2073/pJYB299 This work
DLT3574 DLT3053/xylE::parSF/pJYB296 This work
DLT3576 DLT3053/xylE::parSF/pJYB57, pJYB294 This work
DLT3577 DLT3053/xylE::parSF/pZC302, pJYB294 This work
DLT3584 DLT3053/xylE::parSF/pJYB294 This work
DLT3585 DLT3053/xylE::parSF/pJYB295 This work
DLT3586 DLT1215/F1-10B This work
DLT3589 DLT3053/F1-10BmVenus This work
DLT3594 DLT3289/F1-10BmVenus This work
DLT3607 DLT3053/aceB::parSF/pJYB294 This work
DLT3608 DLT3053/betT::parSF/pJYB294 This work
DLT3621 DLT1472/aceB::parSF This work
DLT3623 λ-, rph-1, Δ(rrsE-rrfE)785(::kan) CGSC strain# 12332
DLT3637 DLT3550/Δ(rrsE-rrFE)::KmR This work
DLT3651 DLT2073/Δ(lysC-yjbF)::KmR This work
DLT3655 DLT1472/ydgA::parSF This work
DLT3709 N16961 ΔparA1 (Fogel and Waldor, 2006)
DLT3726 DLT2073/pJYB303 This work
DLT3773 DLT3289/ydgA::parSF/pJYB294 This work
Table 4: Plasmids used in this manuscript
Plasmid Replicon (size) Relevant characterisitics Source/References
F1-10B plasmid F (100 kb) z--1::Tn10 CGSC#6451; K603
F1-10B plasmid F (100 kb) ccdB', cam This work
F1-10BmVenus plasmid F (100 kb) ccdB', cam This work
pJYB234 mini-F (10 kb) cam, parA, parBF-mVenus, parSF (Sanchez et al., 2015)
pJYB272 pSC101 (5.9 kb) aadA, parBpMT1-mTurquoise2 (Diaz et al., 2015)
pJYB273 mini-F (10.4 kb) cam, parAF, parBF-mVenus, parSF (Diaz et al., 2015)
pJYB285 pSC101 (5.9 kb) bla, parBpMT1-mTurquoise2 (Diaz et al., 2015)
pJYB294 pSC101 (6.0 kb) aadA, parBF-mVenus This work
pJYB295 pSC101 (6.0 kb) aadA, parBF-mTurqouise2 This work
pJYB296 pSC101 (6.0 kb) aadA, parBF3R*-mVenus This work
pJYB299 pSC101 (5.2 kb) aadA, parBF This work
pJYB303 pSC101 (6.0 kb) aadA, parBF-3R* This work
pJYB57 pBSKS (3.5 kb) bla,  parSF (Ah-Seng et al., 2009)
pZC302 pBR322 (4.8 kb) bla, parSF (Bouet et al., 2005)
pZC308 mini-P1 (5.0 kb) bla, ΔparABSP1, parSF+ (Bouet et al., 2005)
pZC328 mini-P1 (8.9 kb) aadA, parABSP1+, parSF+ (Bouet et al., 2005)
pKD4 R6K (3.3 kb) bla, kan, FRT-kan-FRT (Datsenko et al., 2000)
Table 5: Primers used for lambda red recombineering
Primers for the construction of the kanamycin-parSF cassette were designed to contain from the 5’ end, a 50-bp
homolog region to the target genome (bold), 25-bp to the insert sequence (italic). A 25-bp priming region
between cassettes to be joined for hybridization (*).
Primer 
Name
Sequence 5'-3' Matrix Example
RD1
ATGACAGACCTTTCACACAGCAGGGAAAAGGACAAAATCAATCCGGTGGTGCC
TGAATATTCTCTCTGGGCCCAC
betT/pDAG114 DLT3551
RD2 CGAAGCAGCTCCAGCCTACACAATCACCGCACACCGAGGTTACTCCGT pKD4*/pDAG114 DLT3551/DLT3552/DLT3550
RD3 GATTGTGTAGGCTGGAGCTGCTTCG pKD4* DLT3551/DLT3552/DLT3550
RD4
GCGTCCGGGAACATCACGCTATGGCCCGGCGCTTCACGATGGAGATGAAT 
CATGGTCCATATGAATATCCTCCTT
betT/pKD4 DLT3551
RD5
ATGACTGAACAGGCAACAACAACCGATGAACTGGCTTTCACAAGGCCGTAGCCT
GAATATTCTCTCTGGGCCCAC
aceB/pDAG114 DLT3550
RD6
ACGCTAACAGGCGGTAGCCTGGCAGGGTCAGGAAATCAATTAACTCATCGCATG
GTCCATATGAATATCCTCCTT
aceB/pKD4 DLT3550
RD15
ACGATCAATAGCCAACTGGATTACTCGCTAAACAGCCTGAAGGTACAGAAGCCT
GAATATTCTCTCTGGGCCCAC
ydgA/pDAG114 DLT3655
RD16
ATGAGAAAAATAGTGGCCATGGCCGTTATTTGCCTGACGGCTGCCTCTGGCATG
GTCCATATGAATATCCTCCTT
uidC/pKD4 DLT3655
RD17
AAATCAGCTACGCTGGTACCGCCAAATTTGGAGACAACAATTTCAGACAT 
GATTGTGTAGGCTGGAGCTGCTTCG
lysC/pKD4 DLT3637
RD18
GAACAGGCCTGTAATAACAGGCAGATAAGAATGAGTGCAGGTCGCTTCACCAT
GGTCCATATGAATATCCTCCTT 
yjbF/pKD4 DLT3637
Figure 54: Locations of parSF inserted onto the chromosome of E. coli
Assembly of the ParB-parS partition complex was probed with parS implanted at four different locations on the
E. coli chromosome. Two locations in the Ori macrodomain, aceB (magenta) and xylE (black), located ~290-kb
and ~315-kb downstream of oriC (red), respectively. One location in the NS-Right region, betT (blue), and a final
location in the Ter macrodomain, ydgA (green) located ~100-kb downstream of dif (pink).
E. coli 
~4.6 Mb
oriC
aceB
xylE betT
ydgA
dif
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